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Foreword 
The origins of this study go back to a joint work between UQTR (Prof. Patrice Mangin) 
and Omya International AG within the ArboraNano framework, which started in 2012. 
The goal of this initial project was to demonstrate the feasibility of applying micro 
nanofibrillated cellulose (MNFC)-based coatings directly on a paper machine, up to pilot 
scale. After successfully achieving this goal on the pilot paper machine ofInnofibre, Trois 
Rivières Québec, the cooperation between Prof. Mangin and Omya continued to develop 
this technology further, and to advance a more fundamental aspect in related areas. A mid-
term research proposaI was set up, including several Master- and PhD theses. 1 had the 
honour to be asked by Prof. Patrick Gane, vice president of R&D at Omya International 
AG, to work on one ofthose PhD thesis projects, and to be accepted as a candidate by my 
supervisor Prof. Patrice Mangin. The goal of this work was set to obtain a better 
understanding of the stability and homogeneity of MNFC-containing suspensions. Soon 
it became apparent, that the initial scope was too broad, and it was decided to focus on a 
specific investigation of the rheology of such suspensions. As this project was funded by 
the industry, an eye was kept on product relevance and practicability. Due to the complex 
rheological behaviour of fibrillar cellulose suspensions, special attention was paid to 
adequate measurement set-ups and protocols, as well as meaningful parametrisation and 
quantification of the obtained rheological data. Finally, the influence of suspension solids 
content and the degree of fibrillation on their rheological behaviour was investigated 
specifically adopting an extensive experimental matrix. 
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Résumé 
Bien que connu depuis environ 30 ans, la micro-nanocellulose fibrillée (MNFC) n'a 
suscité de véritable intérêt que depuis les dix dernières années. Depuis, non seulement les 
universités, mais aussi l'industrie, étudient ce matériau polyvalent pour diverses 
applications. Un facteur limitant était, et est encore dans une certaine mesure, les 
processus de fabrication généralement longs et coûteux. Cependant, des développements 
récents ont montré qu'il est possible de produire économiques diverses qualités de MNFC 
en utilisant des procédés de fibrillation mécanique, éventuellement assistés par des aides 
au broyage tels que des particules minérales qui peuvent apporter des propriétés par 
synergie énergétique. 
Alors que le MNFC possède des propriétés très intéressantes, comme la résistance 
mécanique, la rhéologie et les fonctionnalités barrière, les mêmes propriétés peuvent 
également poser des problèmes majeurs de manipulation et d'application. L'un de ces 
aspects est le comportement d'écoulement visqueux du flux de suspension de MNFC, 
c'est-à-dire son profil rhéologique. Non seulement le comportement rhéologique est 
complexe, mais aussi la morphologie des particules de suspension sous-jacente. 
Ce travail a été initié étudier l'interaction entre différents paramètres de suspension et les 
propriétés de la suspension résultante alors que la rhéologie n'était que l'un des aspects 
d'intérêt. Après avoir réalisé le niveau de complexité de la rhéologie des suspensions de 
MNFC, la recherche a été recentrée sur les investigations rhéologiques qui, à notre 
analyse, pouvait également fournir de nombreuses informations utiles. 
Des travaux expérimentaux initiaux, ainsi qu'une analyse bibliographique approfondie, 
ont révélé que même une mesure fiable de la rhéologie d'une suspension MNFC n'est pas 
simple, pour de nombreuses raisons pratiques liées à son comportement rhéologique 
complexe. 
Ainsi, une première partie du travail est consacrée à analyser et préciser les réglages et 
conditions de mesures appropriés pour les rhéomètres à cisaillement. Constatant qu'une 
telle recherche n'avait pas encore été effectuée systématiquement auparavant pour les 
suspensions de MNFC, il convient de souligner que différents matériaux à base de 
nanocellulose peuvent répondre différemment à certaines conditions de mesure. Par 
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conséquent, toutes les recommandations figurant dans la littérature ne peuvent pas être 
appliquées de manière ponctuelle aux suspensions de MNFC. Nous avons montré, par 
exemple, qu'une palette dans un système à cupule dentelée semblait moins susceptible aux 
artefacts de mesure que d'autres systèmes plus classiques à base de cylindres coaxiaux. 
Cependant, les données ont également indiqué que les tendances en fonction de la teneur 
en solides peuvent également être reproduites avec des systèmes influencés par des 
artefacts, qui peuvent même être quantifiés. 
Une autre partie de ce travail consistait à décrire les données rhéologiques obtenues de 
manière comparable, c'est-à-dire quantitatives plutôt que qualitatives. Plusieurs 
descripteurs rhéologiques quantitatifs sont bien connus, par exemple la viscosité et le 
module de stockage. Cependant, les suspensions de MNFC ont un profil de viscosité 
complexe et plutôt distinct (courbe d'écoulement). Même si cela est rapporté 
fréquemment, il est rarement paramétré et quantifié, ce qui rend difficile la comparaison 
avec d'autres ensembles de données. Nous avons donc introduit de nouveaux descripteurs 
qui quantifient spécifiquement le comportement observé des trois zones. Les nouveaux 
descripteurs traduisent d'une part les taux de cisaillement auxquels la suspension de 
MNFC entre et sort de la zone de transition, et d'autre part, ils décrivent le comportement 
de la courbe d'écoulement dans les différentes zones de réponse. Une autre approche que 
nous avons introduite est la description quantitative de l'hystérésis de la courbe 
d'écoulement qui est généralement observée lorsqu'une boucle de taux de cisaillement est 
réalisée, c'est-à-dire lorsque le taux de cisaillement est d'abord augmenté puis diminué 
dans une mesure de courbe d'écoulement (ou inversement). 
Pour se garantir de la validité de notre approche expérimentale et des méthodes de 
traitement des données, des tests statistiques ont également été réalisés sur un ensemble 
de données sélectionné. En général, il a été constaté que les tendances apparentes visuelles 
étaient confirmées par les tests de variance respectifs. 
Sur la base de toutes les parties susmentionnées de ce travail, une vaste étude 
expérimentale a été menée sur l' influence du degré de fibrillation (DoF) d'une suspension 
de MNFC sur son comportement rhéologique. Ceci a été réalisé par caractérisation 
rhéologique de mélanges de trois suspensions de DoF différentes. Alors qu'aucune 
quantification fiable et absolue de DoF n'a été obtenue, des mesures indirectes de DoF ont 
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montré que trois degrés de fibrillation étaient atteints dans la série de production 
d'échantillons, l'un peut être considéré comme non fibrillé, un autre moyennement fibrillé 
et le dernier hautement fibrillé. Pour pouvoir présenter l'ensemble complet de données de 
manière compacte et compréhensive, des diagrammes de mélange ternaires ont été utilisés 
comme format de visualisation, incluant des superpositions de cartes de couleurs pour 
tracer les données. À l' aide de ces diagrammes ternaires 2D ou 3D en courbes de niveau 
superposés, les tendances qualitatives sont facilement identifiables. Alors que certaines 
des tendances dominantes dans le domaine de la rhéologie des nano celluloses ont été 
confirmées par cette étude sur les suspensions de MNFC, d'autres effets précédemment 
jamais rapportés ont également été mis en évidence. 
Les résultats obtenus tout au long de ce travail ont été discutés avec une vue sur les 
hypothèses de modèles morphologiques les plus récents. Plus précisément, notre 
argumentation était basée sur les résultats d'autres chercheurs qui utilisaient des méthodes 
rhéo-optiques pour étudier le changement macroscopique de la morphologie des particules 
de suspension dans des suspensions de MNFC en écoulement. En outre, nous avons 
également inclus d' autres travaux du domaine dans la discussion de nos données et de 
l' évolution des modèles respectifs . En conséquence, notre présent travail propose 
également un examen critique et une vue d'ensemble des avancées récentes dans le 
domaine de la rhéologie des suspensions de MNFC. 
Le travail peut servir de base solide pour toutes recherches ultérieures, tout comme pour 
étudier l'influence des propriétés des autres types de suspensions de MNFC quant à leur 




Despite being known for about thirty years, MNFC has only gained real attention about 
ten years ago. Since then, not only academia, but also industry, are investigating this 
versatile material for various purposes. A limiting factor was, and to some extent still is, 
the typically extensive and expensive manufacturing processes. Yet, recent developments 
have shown that it is possible to produce co st-effective grades using mechanical 
fibrillation processes, eventually assisted by grinding aids like minerai particles, which, 
themselves, can act to develop synergistic properties. Whereas MNFC has very interesting 
properties, for example, conceming mechanical strength, rheology and barrier 
functionality, the same properties can also lead to major challenges in handling and 
applying it. As mentioned, one ofthese aspects is the MNFC suspension flow behaviour, 
i.e. its rheology profile. Not only the rheological behaviour itself is complex, but also the 
respective underlying suspension particulate morphology reflected in that behaviour. 
This work was set-up initially to investigate the interaction between different 
suspension/composition parameters and components and the resulting suspension 
properties, whereas rheology was one aspect of interest. After realising that the rheology 
ofMNFC suspensions is very complex on its own, but might as well provide much useful 
information, the work was refocused on rheological investigations. 
Initial experimental work, as well as a thorough literature review, have revealed that even 
a reliable measurement of an MNFC suspension ' s rheology in itself is not straightforward, 
for many practical reasons related to its complex rheological behaviour. So, an initial part 
of the work is dedicated to finding appropriate measurement set-ups and conditions for 
shear rheometer devices. It was found that such an investigation was not yet do ne 
systematically before for MNFC suspensions, and, in this context, it should be highlighted 
that different nanocellulose materials may respond differently to certain measurement 
conditions. So, not all recommendations that are found in the literature can be applied ad 
hoc to MNFC suspensions. We showed, for instance, that a vane-in-serrated-cup system 
appears to be less susceptible to measurement artefacts compared to the more common 
cylinder-in-cup-based systems. However, the data also indicated that trends as a function 
of solids content can also be reproduced with systems that are influenced by artefacts, 
sometimes ev en quantitatively. 
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Another part ofthis work was to describe the variously obtained rheological data in a way 
that they were comparable, i.e. to be quantitative rather than qualitative. Several 
quantitative rheological descriptors are weil known, for instance viscosity and storage 
modulus. However, MNFC suspensions have a complex and rather distinct viscosity 
profile (flow curve). Even though this is reported frequently, it is seldom pararnetrised 
and quantified, making it difficult to compare to other datasets. We, therefore, introduced 
novel descriptors that quantify specifically the observed three-zone behaviour. On the one 
hand, they describe the shear rates at which the MNFC suspension enters and leaves the 
transition zone, and on the other hand, they describe the flow curve behaviour within the 
different response zones. Another approach we introduced was the quantitative 
description of the flow curve hysteresis that is typically observed when a shear rate loop 
is performed, i.e. wh en the shear rate is first increased and then decreased in a flow curve 
me as ure ment (or vice versa). To get confidence in the experimental approach and the data 
treatment methods, statistical tests were performed on a selected dataset as weIl. In 
general, it was found that visually apparent trends were confirmed by respective variance 
tests . 
Based on aIl the aforementioned parts of this work, an extensive experimental study was 
carried out, investigating the influence of the degree of fibrillation (DoF) of an MNFC 
suspension on its rheological behaviour. This was realised by rheologically characterising 
mixtures comprising up to three different suspensions of different DoFs. Unfortunately, 
no reliable, absolute quantification of the DoF was achieved, yet, indirect measurements 
of the DoF have shown that three grades of fibrillation were achieved in the sample 
production series, wherein one can be considered to be unfibrillated, another one medium 
fibrillated and the last one to be extensively fibrillated MNFC. To be able to present the 
extensive set of data in a compact and comprehensive way, temary mixture diagrams were 
used as a visualisation format, including colourmap overlays to plot the data. Using these 
2D contour, or 3D stacked, temary diagrams, qualitative trends were easily identified. 
Whereas sorne prevailing trends in the field ofnanocellulose rheology were confirmed by 
this study on MNFC suspensions, other, previously unreported effects were found as weil. 
The findings obtained throughout this work were discussed with a view on recent 
morphological model hypotheses. Argumentation was based on results from other 
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researchers who used rheo-optical methods to investigate the macroscopical change of the 
suspension particulate morphology of flowing MNFC suspensions. In addition, other 
work in the field was included in the discussion of the data and respective model 
developments. As a result, the present work also provides a critical review and overview 
on recent advances in the field of the rheology ofMNFC suspensions. 
The work can be understood as a solid basis for continuing further, similar investigations 
researching the influence of other MNFC suspension properties and their influence on 




Microfibrillated cellulose (MFC); Micro nanofibrillated cellulose (MNFC); Rheology; 
Flow curve; Viscoelasticity; Vane rheometry; Degree offibrillation; Aqueous suspension; 
Morphology; Data quantification 
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Chapter 1 - Introduction 
1.1 Nomenclature 
Please note that the term micro nanofibrillated cellulose (MNFC) is used to describe the 
material that was investigated in this study. In the early work when the terminology was 
still evolving (Chapter 5 - and Chapter 6 - ), other notations were used as weil for the 
same material (micro and nanofibriIIated cellulose, micro-nano-fibriIIated cellulose). For 
being more consistent with the currently used terms in this field , the term microfibrillated 
cellulose (MFC) is sometimes also used in this work (especially in later publications), 
again describing the same material. Nanocellu/ose is used as a collective term for different 
types of micrometre and nanometre sized cellulose materials. An overview on the different 
classes of cellulose materials, as weil as an extensive discussion of the terms MNFC and 
MFC is given in section 2.1.2.4. 
1.2 Context 
Following recent announcements in the field of nanocelluloses made by research institutes 
and industrial companies, one can see that up-scaling of certain production processes is 
occurring and full sc ale operation is imminent or already up and running (Archambault 
and Hamel 2014; Gerrer 2014; Svending 2014). In addition, one can also see a trend going 
more in the direction of "cost-efficient" grades of MNFCs, especially for large volume 
applications like, for example, paper based packaging materials. The term "cost-efficient" 
in the case of MNFC grade typically means that extensive chemical or biological 
treatments are excluded from the mainly mechanical production process. As a result, these 
grades may most probably have a significantly broader distribution of their intrinsic size 
scales. This is mainly caused by the presence of residual and not or only partially 
fibrillated fibres or fibril aggregates. 
One example of such a cost-efficient MNFC material is produced in the presence of 
minerai filler, therefore finally leading to a filler containing, namely "pigmented", MNFC 
product (Schenker and Gane 2012 ; Svending 2014; Svending et al. 2016). On the one 
hand, the coprocessing of filler can positively influence the mechanical breakdown of 
pulp, but on the other hand, it also leads to an improved performance in sorne applications 
2 
wh en compared to a similar MNFC material that was initially processed without filler but 
with separately post-added filler (Schenker and Gane 2012; Schenker and Gane 2013 ; 
Schenker et al. 2015). 
Whereas the up-scaling of the production process ofMNFC products is on-going, it seems 
that only little progress is made when it cornes to the up-scaling and/or commercialisation 
of potential MNFC applications. The one major application that was shown to be up-
scalable is the use of MNFC as a wet and dry strength additive for certain paper grades 
which has been demonstrated in both pilot and full production scale (Svending 2014). 
However, as for most of the strength additive concepts, a major issue is the loss of bulk 
and, related to it, the typical loss of bending stiffness as macroscopic long fibres are 
replaced by the llÙCro structures of MNFC. In addition, there are already several, well 
working concepts on the market being able to solve the same issue for which the MNFC-
concept is competing, e.g. achieving higher filler load. 
On the other hand, an alternative, very promising way of using MNFC in paper production 
was recently presented, in laboratory scale, but also with the announcement of successful 
trials in pilot scale (Charfeddine et al. 2014; Svending et al. 2016). In laboratory scale, a 
dynallÙc sheet former was used whereas in pilot scale the MNFC suspension was applied 
on-line in a wet-on-wet and wet-on-partially dewatered configuration on a paper machine 
forrrùng a TMP base sheet by a Hydra-Sizer™ (Charfeddine et al. 2014) or on a 
unbleached Kraft base (Svending et al. 2016). It was shown that even a single side coating 
with low application weight is enough to maintain, or even increase, the bending stiffness 
compared to an uncoated reference paper having the same total weight, contrary to the 
experience, mentioned above, of adding the MNFC simply in bulk to the paper mass. 
ln the previous example, as the MNFC is applied during curtain coating as a di lute 
suspension through a narrow slit at relatively high rate, and furthermore onto a fast-
moving substrate, the suspension is subjected to regions of high shear rate, extensional 
flow, and rapid changes of flow direction during the application process. Consequently, 
the rheological behaviour of such MNFC suspensions becomes a crucial issue, especially 
upon scale-up where even higher shear rates are to be expected. Additionally, the MNFC 
undergoes compound dewatering during the formation and drying of the sheet (Dirrùc-
Misic et al. 20l3c). 
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ln addition to the well-known tendency for MNFC suspensions to exhibit a shear thinning 
behaviour, lately more work is published where an "irregular" rheological behaviour of 
su ch suspensions is observed at elevated shear rates (Roussière et al. 2014). Several 
hypotheses were proposed to explain these effects, however not yet fully supported by 
appropriate experimental confirmatory data. Furthermore, it was also shown that the 
rheological behaviour can be changed by the introduction of poly-electrolytes, or 
generally by changing the electrolytic conditions (Dimic-Misic et al. 2013a; Roussière et 
al. 2014; Sim 2014). In systems where additional materials, such as pigments and/or 
coating colour components, e.g. lattices, are present, the interactions, and consequently, 
the rheological behaviour is even more complex. For instance, there is evidence that in 
high consistency fumishes containing MNFC, the pigment particles, and eventual pulp 
fibres, are not bound to the MNFC-gel network but act more like inert particles enabling 
them to move relatively freely within the liquid water trapped in the strong gel network 
(Dimic-Misic et al. 2013b). 
In order to be able to select an appropriate additive (polymer and/or pigment) to adjust an 
MNFC suspension rheology for a given application, or being able to predict the effect of 
the addition of MNFC to a given system, such as a coating colour (Dimic-Misic et al. 
2013a), the specific interaction between the additive, the species present in the MNFC and 
eventually other species is needed. However, only few publications investigate complex 
(multi-component), MNFC based systems systematically in order to form hypotheses on 
interaction mechanisms within such systems. 
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Chapter 2 - Literature review 
2.1 Cellulose 
Cellulose is the most abundant organic pol ymer on earth (Klemm et al. 2005), and 
furthermore it is a bio-polymer that is produced by nature. Most of the cellulose is found 
in plants where it is a structural component of the primary cell wall providing dimensional 
stability of the cell wall and ultimately to the overall plant structure (Wagenfiihr and 
Scholz 2008). The following sections give an overview on the structure of cellulose in 
more detail, but also on different macroscopic types of cellulose that are manufactured 
from the raw material wood into technical grades. 
2.1 .1 Structure 
Cellulose is a linear, high molecular weight polymer built up from P-D-glucose units that 
are linked via P(1,4) bonds and belongs to the chemical group of poly saccharides. 
Cellulose of natural origin is organised in strongly bound bundles of cellulose polymers. 
The binding among the pol ymer chains happens via hydrogen bridges and is strong 
because one single P-D-glucose unit contains three hydroxyl groups. The hydrogen 
bridges on the one hand provide the stiffness of the cellulose molecules via intra-
molecular interactions as weil as the strong binding to other cellulose polymers via inter-
molecular interactions. These bundles are called elementary fibrils , several of such 
elementary fibrils again bind together to form a micro fibril. The polymer chains within 
an elementary fibril can either be aligned (i.e. crystalline) respective to each other or 
randomly oriented. (i.e. amorphous) (Wagenfiihr and Scholz 2008). By the relative 
arrangement of the cellulose molecules in the crystal domains, cellulose can be further 
classified into different types. However, the topie will not be diseussed further as the 
mechanical processes used in this work to process native wood cellulose into MNFC 
products do not change the crystalline morphology of the starting produet; that is I~ for 
native cellulose in higher plants. It should be noted that in the following section the same 
terminology Types is used to describe the nano- and micro-sealed morphology, i.e. of 
higher hierarchical order th an the morphology of the sole crystalline domains, and not to 
describe the difference in the crystalline morphology. The cellulose fibrils are found in 
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plants, providing mechanical stability as a rigid structure, together with other 
macromolecular compounds such as lignin, hemicellulose, and ev en proteins. 
Depending of the source and the diminution procedure, different types of celluloses, not 
to be confused with the different allomorphs of cellulose, exist. The specific properties of 
those different types are further described in the next paragraph. 
2.1.2 Types 
Depending on how the cellulose pol ymer molecules are interacting and organised into 
larger entities, different types of celluloses with eventually significantly different 
properties occur. These different types are here briefly described. 
2.1.2.1 Regenerated cellulose 
Regenerated celluloses are produced by first dissolving pulp or another cellulose-
containing source and then regenerating it by mixing with another liquid that is not a 
solvent for cellulose. The dissolution of cellulose can either be done directly using e.g. 
tetra-arninecopper-dihydroxide or carbon disulfide and a high alkalinity as in the viscose 
process, or indirectly, by first modifying the cellulose e.g. by nitration or acetylation to 
foml a cellulose derivate that is soluble in other solvents. Those processed and products 
like viscose were already used around 1900. Recently, two new types of solvents for 
cellulose are investigated, namely ionic sol vents and deep eutectic solvents (Francisco et 
al. 2012; Kosan et al. 2008). 
Depending on the regeneration process, films, foils , compacts or fine fibres are produced. 
Fibre morphology, e.g. length, thickness, shape, etc. is being influenced by the process 
parameters. A drawback of the regeneration process is that the solvent for cellulose 
typically cannot be completely removed from the regenerated cellulose material, 
especially in the case of traditional solvents (Zhang et al. 2005). 
2.1.2.2 Bacterial cellulose (BC) 
In contrast to the other types of celluloses, bacterial cellulose is not produced via breaking 
down pulp fibres , or other cellulose sources, but is synthesised by bacteria (Acetobacter 
species). The cellulose fibrils have diameters typically below 100 nm at a very narrow 
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diameter distribution and are typically long compared to mechanically fibrillated fibrils 
(Iwamoto et al. 2005 ; Moon et al. 2011). 
2.1.2.3 Nano crystalline cellulose (NCC) 
By subjecting cellulose to strong acid treatment, such as sulfuric acid, the cellulose 
po1ymer is hydro1ysed. As the amorphous parts of the fibri1s are more accessible than the 
crystalline parts, the hydrolysis is faster in these regions. By adjusting the process 
conditions (acidity, time, etc.), it is possible to retain the crystalline residues. In contrast 
bacterial-, fibrillated and regenerated- in the case of spun fibres - cellulose that have a 
"string"-like morphology; i.e. a one very large dimension compared to the two other ones, 
the NCC entities are platelet- or whisker shaped. As indicated by the denomination, these 
particles are crystalline and in the low nanometre range (Moon et al. 20 Il). 
2.1.2.4 Micro nanofibrillated cellulose (MNFC) 
In literature, the terms for fibrillated cellulose types are not as weIl defined as e.g. bacterial 
cellulose that refers to the origin or nano crystalline cellulose that refers to the particle 
morphology. Especially the term micro in micro fibrillated cellulose (MFC) might be 
eventually misleading as these fibrils too may be in the < 1 00 nm range. It is suggested by 
sorne authors, for example by Moon et al. (Moon et al. 20 Il), that the differentiation 
characteristic between nanofibrillated cellulose (NFC) and MFC is mainly the 
manufacturing process. Whereas MFC is typically obtained by purely mechanically 
disintegrating pulp, NFC manufacturing involves a pre-treatrnent like an oxidation, a 
grafting or an enzymatic treatment. The pre-treatment is on one hand used to reduce the 
amount of energy used in the mechanical fibrillation process step, and on the other hand 
1eads to a decreased fibril size compared to MFC fibrils . 
In contrast to the described terminology by Moon et al. (Moon et al. 20 Il), the term 
MNFC is used in this work to represent micro nanofibrillated cellulose, i.e. a product with 
a significant leve1 of microscopic fibres , including a micro fraction, which have 
nanofibrils formed on their surface by a high energy fibrillation process, as weIl as 
individualised nanofibrils. Effectively, it can be considered as a collective term for MFC 
and NFC materials, as most, mainly mechanically fibrillated MFCs and NFCs having 
both, micro- and nano-sized fibre/fibril fractions (Herrick et al. 1983; Roussière et al. 
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2014) . According to Moon et al. (Moon et al. 2011), an MNFC product wou1d fall under 
the terrn MFC. However, due to the fact that very fine fibrils in the very low mn-range 
are also present in such products (individua1ised and on the surface of microfibrils), the 
terrn might be misleading. Therefore, it is here proposed that the terrn MNFC is more 
appropriate for fibrillated cellulose materials that do contain micro- as weil as nano-sized 
features. Furtherrnore, it is suggested here to use the term NFC exclusively for products 
that contain fibrils solely in the low nm range, e.g. < 100 mn. This is weB in line with the 
proposai of Kangas et al. (Kangas et al. 2014), yet they promote to use the terrn MFC 
rather than MNFC for materials that contain also coarser fibrils and/or fibres. 
In short, MNFC is likely a more accurate term to describe a mechanically fibrillated 
cellulose material, because ofits naturally broad fibril width distribution ranging from the 
nanometre to the micrometre scale. Furtherrnore, it is also very Iikely to have 
nanofibrillation on micrometre sized fibrils present in addition to individualised 
nanometre fibrils. So, materials named MFC and NFC in the literature can very likely 
named MNFC as well, unless they are fractionated and/or strongly chernically modified. 
The next section will have a focused look on the manufacturing, the properties and 
potential fields of applications only for MNFC products as this work is will be limited to 
this type of cellulose. 
2.2 MNFC 
This section describes the manufacturing, the intrinsic properties as weil as the properties 
ofMNFC in suspension, and potential applications ofthis material. The following sections 
focus on fibrillated cellulose qualities and do not discuss NCC or Be. 
2.2.1 Manufacturing 
In recent years, many companies and institutes invested in the upscaling of MNFC 
manufacturing pro cesses and the process optimisation to be able to deliver a cost-effective 
product. Up to date (2015), there are several commercial technologies and accordingly 
products available as seen in Table 2.1. However, there are many more pilot- and/or pre-
commercial systems in planning or aIready running (Bio-fibre 2015 ; Laurinsi1ta 2013; 
PaperMoney 20 Il ; RISI 2014) that are just not yet commercial. 
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Table 2.1: List of commercialised MNFC products or MNFC 
production processes. 
Company / Name Type Scale Source Institute 
Imerys FiberLean MNFC Onsite (several 1 000 (Svending dmt/a) 2014) Offsite 
American process Bioplus NFC / Demonstration plant (Naderi 2014) NCC 
FP Innovations / Cellulose MNFC 5 t/d (Kruger 
Kruger Filaments 2013) 
GL&V UMaine CNF MNFC Onsite (Gerrer 2014) 
Daicel Celish MNFC Unknown (Bames 2000) 
2.2.1.1 Mechanical process 
As already known for a long time from papermaking, wood can be processed into pulp by 
mechanical action. If sufficient amounts of energy are introduced, pulp fibres can be 
released from wood, eut or fibrillated as represented by fibrils or fibril bundles that are 
partially or completely liberated from the fibre . Specialised equipment like stone grinders 
and refiners exists to break down wood into pulp fibres used for papermaking. These 
pieces of equipment are optimised to end up with suitable fibres for papermaking that 
typically have a diameter in the range of sorne tens of micrometres. To obtain MNFC, the 
processes have to be carried on further, until more fibres are broken down into fibrils . 
Typically, the technologies used to produce pulp fibres are not able to apply enough force 
to the fibres in order to carry on the fibrillation action, or lead to fibre cutting or other 




The firsts to de scribe such a new process were Turbak, Snyder and Sandberg in 1983 
(Turbak et al. 1983). They used a homogeniser to convert different pulp grades into MFC 
within 12 passes at a pressure drop of 55 MPa. As described by Ankerfors (Ankerfors 
2012), such purely mechanical processes typically are energy intensive, typically in the 
are a of sorne tens of MWh per ton of cellulose. As a consequence, many researchers 
investigated and work in the field is still on-going, to find suitable pre-treatments of the 
pulp fibres or more energy efficient processes (see sections 2.2.1.2, 2.2.1.3, 2.2.1.4 and 
2.2.1.5). 
As mentioned above, homogenisers and rnicro-fluidisers are typical de vi ces used for the 
production of MNFC products. Such machines typically consist of a pump that is able to 
produce high pressures (sorne 10 up to 200 MPa) and an according high pressure zone. 
The design of the zones then varies between the different models, but generally introduces 
high shear forces due to fast flow velocities (shear rates) , high and fast pressure changes 
(drops) and eventually related secondary effects as for instance cavitation. These forces 
are then partially isolating the cellulose fibrils . The maximal processable consistency for 
such devices in laboratory scale is typically low, around 1 wt%. Intense pre-treatrnents 
are needed (Zimmermann et al. 2010), as the device 's size demands small orifices and/or 
channels which would otherwise tend to clog. 
Grinding 
Another process that is often used to manufacture MNFC products is grinding, especially 
using an ultrafine friction grinder such as the Supermasscolloider of Masuko Sangyo Co., 
LTD. The suspension is forced between a fixed and a turning grinding stone in order to 
introduce high shear forces into the suspension, leading to a fibrillation of the pulp fibres . 
The three main parameters that influence the fibrillation process are the revolution speed 
of the turning stone, the clearance between the grinding stones, respectively the pressure 
on the stones when they are operated in contact mode, and the number of passes. 
Depending on the desired product and the feed material composition, different parameter 
sets are used by different groups. Whereas the revolution speed is typically around 1500 
rpm (Josset et al. 2014; Kangas et al. 2014; Nogi et al. 2009; Suopajarvi et al. 2010), the 
stone clearance (Subramanian et al. 2008), respectively the pressure on the stones can be 
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very different (Josset et al. 2014; Suopajiirvi et al. 2010) or is sometimes not described at 
all (Kangas et al. 2014; Nogi et al. 2009). All necessary parameters to fully understand 
the operating conditions are rarely given in a publication, making a reproduction difficult. 
The maximal pulp consistency that can be processed is typically higher, around 1.5 to 3 
wt%, compared to the on es common in the homogenising processes. 
Refining · 
A related process is proposed by GL&V, but also others, where a refiner with specially 
designed refmer discs is used to manufacture MNFC, described as NFC although the 
product appears to be rather coarse (Gerrer 2014) . As an especially designed anti-clash 
system is mentioned in the presentation, it is very likely that the refiner operates at a very 
small gap compared to classical refining in order to be able to generate high enough forces 
to fibrillate pulp to the desired level of fmeness . 
Ultra-sonication 
Another method that is able to break down fibres, however, only rarely described, is ultra-
sonication. For instance Chen et al. (Chen et al. 20 II) describe the use of a small 
laboratory ultrasonic generator to produce a NFC at high enough ultrasonic power outputs 
(> 1000 W). However, if the specific energy input on fmal dry cellulose matter is 
calculated from the provided experimental data, values as high as 1 GWhr' are obtained. 
Of course, up-scaled systems may have a better efficiency and therefore the specific 
energy input may be smaller for larger systems, but still, the described energy levels are 
exorbitant. As a comparison, the net power output of modern nuclear reactors is in the 
area of 1 GW. Equipment that combines ultra-sonication with mechanical disintegration 
(shear forces) - e.g. the mechanical ultrasonic dispergator (ZR!) described by Suopajiirvi 
et al. (Suopajiirvi et al. 2010) is also used. The specific energy input levels are then 
drastically reduced, between 10 and 16 MWhr' . However, the obtained material is an 
MNFC type, rather than a true NFC. The two previous examples clearly illustrate two 
points. First, it seems that purely mechanical disintegration is too inefficient when it 
cornes to the production of NFC material, but may be suitable for MNFC materials. 
Second, eventually the combination of different mechanical disintegration methods, either 
applied in series or in parallel, is the most efficient solution as the different processes have 
their highest efficiencies at different stages of fibrillation and/or degrees of fibrillation. 
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Cryo-crushing 
Another, very rarely used method, is cryo-crushing, where moi st cellulose is frozen in 
liquid nitrogen and then crushed mechanically. However, it appears that this method has 
its limitations as it is typically coupled with other, suspension based mechanical 
disintegration processes (Ayse and Sain 2008; Jonoobi et al. 2009). 
2.2.1.2 Co-processing of pigment particles 
As described by Schenker and Gane (Schenker and Gane 2012), pigment particles, namely 
calcium carbonate, was added to the feed pulp suspension in order to ease the grinding 
and homogenising processes. Furthermore, Gane et al. described that the fibrillation 
efficiency was increased by the presence of the pigment particles (Gane et al. 20 12a; Gane 
et al. 2012b). Recently, the commercial launch of such a product, explicitly MFC 
produced in the presence of filler, was announced (Svending 2014). ln both cases, 
additional beneficial effects of co-processing pigment particles are seen in later 
applications. The products obtained by such pigment particle co-processing belong to the 
MNFC type of products, meaning that the products do contain features with dian;teters in 
the !lm-range as well as in the nm-range (Roussière et al. 2014; Schenker and Gane 2012). 
The specific effect(s) of the pigment particles on the fibrillation process are not yet fully 
understood nor described, but they might be attributed eventually to localised increase of 
pH and a better transduction of mechanical energy. lncrease in locally available energy 
may either be due to because the pigment particles themselves acting as grinding medium 
and/or indirectly via changing the rheological properties of the processed suspension. 
2.2.1.3 Chemical processes 
Chernical pro cesses used for the manufacturing of nano crystalline cellulose like extensive 
acid hydrolysis (Elazzouzi-Hafraoui et al. 2008) will not be described here as such 
treatrnents typically are too aggressive to retain the fibrillar structure ofNFC. However, 
the TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) radical-mediated oxidation is able to 
partly retain some fibril length under the right conditions. The resulting fibrils have 
diameters in the 3 to 5 nm range but length still in the micrometre range and are typically 
and selectively grafted with carboxylate groups (Isogai et al. 2011). Typically, the 
TEMPO treated cellulose suspension is subjected to an additional mechanical 
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disintegration step in order to completely individualise the nanofibrils (Isogai et al. 2011 ; 
Saito et al. 2006). However, as the TEMPO treatment separates the fibrils or weakens the 
inter-fibril bonding quite intensely, only very little mechanical input is needed (Saito et 
al. 2006). 
Typically, pre-treatments, especially the TEMPO-treatment, are employed when NFC-
type of products are targeted. On the one hand, such fine products cannot simply be 
obtained by pure mechanical processes, but on the other hand, su ch processes are rather 
extensive and therefore typically induce an increase a final product price. The latter case 
only can be justified by a "higher value" that would come from an NFC-type of product 
compared to an MNFC-type product. 
2.2.1.4 Enzymatic process 
An alternative to the TEMPO pre-treatment are enzymatic treatments. In contrast to 
chemical reactions, enzymes are typically more specific and selective in their reactions. 
Under the right conditions, it is possible to produce fibrils without too mu ch a shortening 
as described e.g. by Henriksson et al. (Henriksson et al. 2007) and Piiiikk6 et al. (Piiiikk6 
et al. 2007). However, as the enzymes typically used are endoglucanases (types of 
cellulases), a too extensive treatment will lead to a complete depolymerisation of the 
cellulose into glucose sugars. Both authors report that by using an enzymatic pre-treatrnent 
and further mechanical disintegration steps enable the pulp feed material to be 
manufactured into MNFC fibrils , with width around 15 to 50 nm, and true NFC fibrils , 
around 5 nm. Yet no indication is given about any potential residual fibre content. 
Ankerfors (Ankerfors 2012) provides some calculations on the potential savings of 
mechanical energy input of an enzymatic pre-treatment compared to a pure mechanical 
fibrillation in a homogeniser. Yet, what is missing, and is also missing in other literature 
where the energy savings due to enzymatic pre-treatments are discussed, is the calculation 
of the additional costs due to the additional process steps, and eventual capacity 
limitations, and related extra capital investrnents, due to a comparatively long residence 
time in the bio-reactor. 
As for the chemical pre-treatments, the targeted final product is more in the area of an 
NFC rather an MFC. However, recently an alternative, high consistency process involving 
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an enzymatic treatment was presented to produce rather coarse MNFC with a very 
efficient process called HefCel (Qvintus 2015). 
2.2.1.5 Modifications 
Chemical modifications of cellulose are often used in order to change the cellulose's 
functionality, like adding hydrophobic groups making the cellulose overall hydrophobic 
or improving the water re-dispersibility after drying by carboxymethylation (Eyholzer 
2010). But besides the added functionality, the carboxymethylation helps do decrease the 
mechanical energy demand in the mechanical diminution step (Ankerfors 2012). An 
indication that the presence of carboxymethyl cellulose compared to the chemical grafting 
of carboxymethyl groups on cellulose is enough to reduce the mechanical energy demand 
as given by Cheng et al. (Cheng et al. 2013). 
2.2.1.6 Conclusions 
If fine products like NFC have to be produced, a pre-treatrnent is a necessary step in order 
not to end up with unrealistic energy consumption values. However, if a more MFC - or 
as previously proposed, the wording MNFC - type of product is targeted, then purely 
mechanical processes are suitable. Finally, these mechanical processes can be further 
optimised by eventually combining different technologies (Iwamoto et al. 2005) and/or 
by the addition of grinding and/or process aids like pigment particles (Schenker and Gane 
2013; Svending 2014) and/or by using carboxymethyl cellulose (Cheng et al. 2013). 
2.2.2 General properties 
The following section presents the properties ofMNFC in suspension and in a condense d, 
dry form. Sorne of the properties will be further detailed wh en discussing rheological 
properties ofMNFC suspensions (Section 2.5). 
2.2.2.1 MNFC suspensions 
Cellulose molecules contain a large amount of hydroxyl groups which strongly interact 
with water molecules via the formation of hydrogen bonds. Even though sorne of the 
hydroxyl groups form inter-molecular hydrogen bonds with other cellulose molecules 
within a fibril and among other fibrils , the interaction of cellulose parts in MNFC with 
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water remains strong. Such strong interaction is reflected in a high water retention value, 
whereas for highly fibrillated grades, the water retention measurement procedure needs to 
be modified in order to provide meaningful results (Dimic-Misic et al. 2013c). 
The strong interaction is also reflected in the rheological behaviour ofMNFC suspensions. 
Indeed, even at high dilution levels, the MNFC suspensions exhibit non-Newtonian 
characteristics (Iotti et al. 20 Il). As rheology is used as one of the main characterisation 
tool in present work, a more in-depth discussion is later provided. 
MNFC suspensions typically appear turbid as sorne features are still in the Ilm-range and 
therefore scatter light. As for other grades as NFC and NCC when such coarse Ilm-sized 
residues are missing and when only nm-sized features remain, the suspensions become 
clear, translucent. Within a fixed, pigment particle free system, the dependence of the light 
scattering on the cellulose feature size can be used to indirectly asses a MNFC suspensions 
degree of fibrillation as proposed by Chinga-Carrasco (Chinga-Carrasco 2013). 
Another property that is typically measured when an MNFC suspension or MNFC 
material is assessed is charge, either as surface charge (Fall et al. 2011 ; Fardim et al. 2002; 
Liimatainen et al. 2009) or as (-potential (Dimic-Misic et al. 2014; Eronen et al. 2011 ; 
FaU et al. 20 Il; Liimatainen et al. 2009) which also indirectly indicates the degree of 
fibrillation. Yet, both methods are prone to produce misleading, ev en wrong, absolute 
numbers. lndeed, pulps also contain residuals like hemicellulose or lignin which most 
probably also contribute to the total charge that is determined, e.g. by titration methods. 
So, the comparison of MNFCs originating from different pulp sources remains very 
critical. Furthermore, the measurement of the (-potential on MNFC, or fibrous materials 
in general, is critical, as already indicated not only by providing different absolute values, 
but as they depend on the applied measurement technique (El-Gholabzouri et al. 1999). 
Yet, charge measurements may still be a good relative comparison parameter within a 
fixed recipe in order to monitor the evolution of the degree of fibrillation within a given 
manufacturing process; i.e. ail other parameters remaining constant. This issue is further 
developed in sections 2.4.2.1 and 2.4.2.2. 
2.2.2.2 Dry MNFC 
MNFC can be manufactured in dry form in different materials or workpieces using 
different techniques, probably having different properties. Here, the focus is placed on 
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intrinsic material properties, independently of the final form or the manufacturing process. 
Therefore, the properties presented below were measured on MNFC films or bars, where 
one assumes the material exhibits the physics of continuously condensed matter. Specific 
application properties are presented in the respective following sections 2.2.3 .1 to 2.3. 
Nevertheless, a direct comparison of published values for mechanical- and other 
properties is difficult as the manufacturing method, and the respective parameters, to 
obtain a condensed MNFC material influence the fmal properties as for instance shown 
by Yang et al. (Yang et al. 2012). 
Depending on the pulp source and the degree of fibrillation , elastic moduli of MNFC in 
the range of 8 to Il GPa (Josset et al. 2014; Osterberg et al. 2013; Schenker and Gane 
2013; Schenker et al. 2015; Spence et al. 2010) are typically reported, but values as high 
as 17 GPa have been found (Syverud and Stenius 2009b). Within a publication, tensi1e 
strength typically follows the same trend as the elastic modulus, with higher modulus 
materials presenting higher tensile strength (Osterberg et al. 2013). However, the tensile 
strength, as also elastic modulus values, vary significantly among different publications. 
This indicates that the tensile strength might be more sensitive to the drying and 
consolidation process than the elastic modulus, or that the material is not fully 
conso1idated in all examples. Typical values of the tensile strength are found ranging from 
60 to 250 MPa (Josset et al. 2014; Osterberg et al. 2013 ; Schenker and Gane 2013 ; 
Schenker et al. 2015; Spence et al. 2010; Syverud and Stenius 2009b; Yang et al. 2012). 
As a comparison, values for crystalline cellulose can be as high as 138 GPa (Nishino et 
al. 1995) but one can surmise that with better consolidation MNFC-based materials would 
increase beyond 17 GPa while still remaining below the maximum for crystalline cellulose 
(N ishino et al. 1995). 
For certain applications, another very interesting property is the low coefficient of thermal 
expansion (CTE) of cellulose that is reported to be as low as 10-7 KI (Nishino et al. 2004). 
Depending on the used MNFC base-material, the MNFC-film manufacturing method and 
the used characterisation method for barrier, e.g. air, oxygen and oil, properties, the 
absolute values may differ (Aulin et al. 2010; Lavoine et al. 2012; Osterberg et al. 2013 ; 
Syverud and Stenius 2009b; Yang et al. 2012). However, the common findings are that 
MNFC films, or MNFC layers (see chapter 2.2 .3.3), have a very good oxygen barrier 
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property, i.e. low oxygen transmission rate, and therefore a good air barrier, i.e. low air 
permeability, at low relative humidity values. ln fact, the oxygen permeability of MNFC 
films at low moi sture contents is as low or even lower than technical polymers that are 
currently in use as oxygen barrier layers (Lavoine et al. 2012). Unfortunately, the MNFC 
films have a relatively high water vapour permeability (Lavoine et al. 2012) inducing a 
significantly increased oxygen permeability at increased relative humidity conditions 
(Au lin et al. 2010), as explained by the uptake ofwater vapour into the MNFC material. 
The intrinsic oil/grease barrier properties ofMNFC is not described in literature. Only few 
publications exist where the property was measured on MNFC coated substrates (see 
chapter 2.2.3.3). 
2.2.3 Applications and uses for MNFC 
The following sections present the potential applications of MNFC that are currently 
investigated by research groups, institutes and companies. In addition, there are already 
few niche applications of MNFC (or NCC/BC) that are commercialised, for instance as 
food additive (E 460 (Wikipedia 2015» , but they will not be discussed here. 
2.2.3.1 Additive in paper making 
An extensively investigated application of MNFC is the use as a wet and/or dry strength 
additive to paper products (Eriksen et al. 2008; Gonzalez et al. 2012; Hii et al. 2012; 
Sehaqui et al. 2011 ; Sven ding 2014; Taipale et al. 2010). Typically, the loss of mainly 
mechanical properties because of increased filler content is compensated by the addition 
of MNFC to the paper composition. As bulky pulp fibres are replaced by small, mobile 
and "condensable" fibrils of the MNFC, the density inherently is increased. The effect is 
even more pronounced wh en additional pigment filler is introduced into the sheet as the 
MNFC is added to enable a higher filler content in the paper. Typically, this leads to a 
decrease in bending stiffness (Schenker and Gane 2012), even though elastic modulus, 
internaI bond and tensile index are typically increased. A further consequence of the fine, 
film forrning, fibrils is that inter-fibre pores become smaller or blocked and so the air 
permeability is reduced (Eriksen et al. 2008; Rantanen and Maloney 2013). Due to the 
more closed and densified structure, but also the stronger water binding of MNFC 
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compared to conventional pulp, dewatering time is typically also increased by the addition 
ofMNFC to a paper composition (Hii et al. 2012; Rantanen and Maloney 2013). 
Even though there is a substantial amount of acadernic research on MNFC as a wet and/or 
dry strength bulk-additive in paper-related applications, so far only one commercially 
available full scale technology has been reported (Svending 2014). However, by 
investigating the intrinsic mechanical properties of MNFC, the price structure of paper, 
and other available market solutions for increasing tiller addition levels in paper, it is 
questionable whether the wet-end addition of MNFC is a meaningful economical 
application for such products. 
2.2.3.2 MNFC films 
Free standing films composed mainly ofMNFC are usually produced in order to measure 
intrinsic properties, i.e. mechanical- and barrier, eventually printing-properties of the 
MNFC material and combinations (Henriksson et al. 2008; Osterberg et al. 2013; Spence 
et al. 2010; Syverud and Stenius 2009a). Sometimes, the MNFC, or typically NFC, films 
are further used as a component in a composite material (Iwamoto et al. 2005) (see also 
Section 2.2.3.4). A commonly used method to manufacture MNFC films is solvent casting 
whereas the "solvent" is the MNFC suspension water. The typically diluted MNFC 
suspension at solids content < 0.5 wt% is poured in a Petri dish and the water is evaporated 
under mild conditions (T < 50 oC, eventually increased relative humidity) (Spence et al. 
2010; Wu et al. 2012). Another commonly used method is vacuum or pressure filtration 
of diluted MNFC suspensions, followed by hot-pressing (Henriksson et al. 2008; 
Osterberg et al. 2013; Sehaqui et al. 2011) or drying at ambient (Syverud and Stenius 
2009a) or in controlled conditions (Iwamoto et al. 2005; Syverud et al. 2011). Typically, 
dilution of MNFC suspensions is necessary to have a good levelling to manufacture 
homogeneous thin films. At higher consistencies, the viscosity is too high, and the 
suspensions behave elastically. Such a procedure normally leads to significant shrinkage 
that induces stresses in the drying structure that ultimately leads to wrinkling or wrapping 
of the film. In order to control that, the drying in controlled conditions, and application of 
hot-pressing are preferred. 
Potential applications of pure MNFC films mainly pertain to the field of printed 
electronics (Pentillii et al. 2013), flexible displays (Shimaoka 2015), as separator and/or 
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electrode base material (Kaukoniemi et al. 2015; Lee 2015) or even as potential oxygen 
barrier layers (Ho et al. 2012; Osterberg et al. 2013; Syverud and Stenius 2009b; Wu et 
al. 2012). 
The above presented MNFC film manufacturing processes work weil at the small scale, 
but are yet unsuitable for continuous, larger scale applications. However, a continuous 
pilot scale process has been developed to produce MNFC films (Peresin 2013 ; Tarnmelin 
etaI. 2013). 
2.2.3.3 MNFC coatings 
As pointed out by Lavoine et al. (Lavoine et al. 2012), few publications can be found on 
MNFC as a coating material before 2010. Recently more activity in this are a can be 
observed. MNFC is investigated as additive in coating colour formulations as binder and 
or rheology modifier (Dimic-Misic et al. 20 13a; Dirnic-Misic et al. 2014), as pure coating 
(Lavoine et al. 2014; Ridgway and Gane 2011) or as pigmented, i.e. filler containing, 
composition (Charfeddine et al. 2014; Schenker and Gane 2012). These coatings are 
typically applied onto a paper substrate. Sorne publications indicate the possibility of 
using other substrates as MNFC tends to bind to certain polyolefmic plastics: MNFC films 
formed in polycarbonate Petri dishes could not be removed (Spence et al. 2010). This 
unwanted binding effect was used by Peresin (Peresin 2013) to pro duce coated plastic 
substrates. By changing the substrate surface chemistry, for instance by using PTFE 
(Spence et al. 2010), the adhesion can be avoided. 
In contrast to wet end bulk addition ofMNFC, surface coating exhibits several advantages. 
The fibrillary, and larger size compared to single polyrner molecules, nature of MNFC 
typically leads to a good hold-out on ev en porous substrates (Charfeddine et al. 2014; 
Ridgway and Gane 20 Il) and therefore a distinct layer of consolidated MNFC on top of 
the substrate. As a consequence, the coating layer exhibits the MNFC having very 
interesting intrinsic properties such as a high elastic modulus or barrier properties. 
Considering the base material and the MNFC layer as two different materials, the formed 
composite will then present improved overall properties. For example, bending stiffness 
would be greatly increased by a surface layer of MNFC on a base substrate as the higher 
modulus MNFC is farthest away from the neutral deflection axis. It is therefore subjected 
to most of the deformation and, as a consequence, bears most of the applied load following 
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the I-beam principle (Lavoine et al. 2014). As far as barrier properties are concemed, 
while a bulk addition of MNFC to a porous base material does not lead to completely 
closed pores, a distinct surface dense layer application ofMNFC is more likely to form a 
throughout consolidated layer impervious to a bulk flow of gas thus creating even barrier 
properties. As stated by Aulin et al. (Aulin et al. 2010) and Charfeddine et al. (Charfeddine 
et al. 2015), low application weights of MNFC as a distinct layer on a base substrate are 
already enough to reduce the air permeability significantly. 
As seen in Lavoine et al. (Lavoine et al. 2014), a unifonn application of MNFC on a 
substrate remains challenging. On the one hand, great quantities of water have to be 
removed as the solids content ofMNFC suspensions should necessarily be very low as to 
maintain a low viscosity; MNFC suspensions forming gels at even 2-3 wt% concentration. 
Also, MNFC residual coarse materials exclude sorne application techniques. The selection 
of an appropriate application method for a given MNFC material is therefore crucial for 
any commercial scale application. First work on this topic is presented by Charfeddine et 
al. (Charfeddine et al. 2014) where pigmented MNFC is applied on a TMP base sheet 
using a dynamic sheet former. Furthermore, it is indicated that successful pilot-scale trials 
were carried out where the MNFC suspension was applied on a TMP base web using a 
curtain coater type device (HydraSizer™) (Roussière et al. 2015). 
2.2.3.4 Reinforcement in polymer-based composites 
Due to its high mechanical properties, namely elastic modulus and strength, MNFC and 
more specifically NCC and NFC have been evaluated as dispersed reinforcement phase in 
polymer-based composites (Alemdar and Sain 2008; Eichhom et al. 2010; Hubbe et al. 
2008; Iwamoto et al. 2005; Nogi et al. 2009; Siqueira et al. 2010). A further advantage, 
especially for NFC and NCC, is their optical transparency. Therefore, these forms of 
nanocellulose may be used as a reinforcement phase in applications where the polymer-
based composite has to remain transparent (Iwamoto et al. 2005). Additionally, cellulose 
generally exhibits a low coefficient of thermal expansion (CTE) compared to 
thermosetting, e.g. of thermoplastic polymers. When included in composites, the 
nanocellulose materials are then able to reduce the overall CTE (Nakagaito and Yano 
2008). Typically, low addition levels - below 10, more frequently below 5 and sometimes 
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even below 1 wt% - are already enough to measure an improvement in mechanical 
properties compared to the pure polymer matrix system. 
However, in order to get the best reinforcement effect, two requirements have to be 
fulfilled . On the one hand, the MNFC has to be weil dispersed in the matrix phase and on 
the other hand, the interaction between the MNFC and the rein forcement phase has to be 
strong enough. Depending on the composite matrix material, the second point is usually 
not an issue if the general chemistry is similar - as for example poly lactic acid (PLA) 
(Cheng et al. 2007), chitosan (Azeredo et al. 2010), and sorne thermoset resin systems 
(Nakagaito and Yano 2008). When the chemistry of the matrix material is different than 
the reinforcing phase, nanocellulose inclusion is not necessarily an advantage. As shown 
by deMenezes et al. (deMenezes et al. 2009), when NCC whiskers were used as 
reinforcement phase in polyethylene (PE), tensile strength decreased, which is a sign for 
a poor NCC whiskers dispersion. By chemical modification, e.g. addition of aliphatic 
chains to the NCC, dispersion was improved. However, the tensile strength was still not 
improved as could be expected for a reinforced composite. Yet, there are examples where 
surface modification actually led to an increase in mechanical properties (Siqueira et al. 
2009). 
Another challenge of using MNFC or nanocellulose in composites is the up-scaling of 
manufacturing processes. Except few authors who use directly up-scalable processes like 
melt extrusion (deMenezes et al. 2009), extensive processes like water-based casting, and 
successive evaporation steps, and pre-forming of an MNFC pad followed by resin 
impregnation and hot-pressing are typically presented. 
2.3 Matrix material for composites 
Instead ofbeing used as a reinforcing phase, MNFC can also be used as the matrix phase 
of a composite material. However, only \ittle is published on the topic. Of course, an 
MNFC-based free-standing film could somehow be considered as a MNFC based 
composite. However, the increased bulk when compared to thin film forming brings 
further challenges. First, free water removal is impeded as the MNFC fibrils and fibres 
build up dense layers during the filtration processes. Second, the removal ofbound water 
is hindered as diffusion of water molecules is slowed down in already dried and dense 
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outer layers of any work-piece. Finally, defonnation takes place due to the occurrence of 
large internai stresses wh en large solids content gradients develop due to inhomogeneous 
drying. 
Typically, such composites are manufactured in a two-step process. In the first step the 
free water is removed mechanically and in the second step, the bound water is removed 
thennally by controlling the spatial shape ofthe composite. As described by Schenker and 
Gane (Schenker and Gane 2012) and Yano and Nakahara (Yano and Nakahara 2004), the 
mechanical dewatering is achieved by a pressure filtration step either on a porous metal 
plate or a membrane filter. As mentioned earlier, the filtration time using pressure and/or 
vacuum filtration may be quite long for highly fibrillated MNFC qualities. Maloney 
(Maloney 2013) presents a potential approach to facilitate dewatering by the introduction 
of high shear at dewatering site, or slightly before, before the disturbed network is again 
relaxed. A process and device based on preliminary combined rheology and dewatering 
measurements has been described by Dimic-Misic et al. (Dirnic-Misic et al. 2013c). 
Although the process is lirnited to a maximal composite or work-piece thickness, it has 
the advantage to be a continuous when compared to previously presented processes. In ail 
cases, the final drying step remains hot-pressing. However, other possibilities such as in-
situ precipitation of calcium carbonate have been investigated by Rantanen et al. (Rantanen 
et al. 2015) to facilitate the dewatering ofMNFC containing composites. 
As seen in chapter 2.2.2 .2, mechanical properties strongly depend on the type of MNFC 
(pulp source, degree of fibrillation, etc.), and within a composite also on other added 
components. For example, the addition of calcium carbonate pigment filler to MNFC 
generally leads to a decrease of mechanical properties (Schenker and Gane 2012; 
Schenker and Gane 20l3). However, the decrease can be reduced or compensated by, for 
example by co-processing the pigment (Schenker and Gane 2012; Schenker and Gane 
20l3; Schenker et al. 2015) during MNFC manufacturing, by the addition of 
carboxyrnethyl cellulose (CMC) (Schenker and Gane 2013 ; Schenker et al. 2015) and/or 
by using special hybrid pigments (Schenker et al. 2015). Hence, MNFC composites 
consisting of 20 wt% calcium carbonate and 5 wt% cellulose may be obtained with an 
elastic modulus of around Il GPa and an ultimate strength of around 200 MPa. 
Alternatively, an MNFC composite consisting of 50 wt% hybrid pigment, and around only 
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1 wt% pol ymer content, may be obtained with still an elastic modulus of 7 GPa and an 
ultimate strength of 100 MPa (Schenker et al. 2015). Additionally, the authors show that 
such composite materials can be manufactured in complex shapes, providing eventually 
as much flexibility as for thermoplastic pol ymer work-pieces (Schenker et al. 2015). 
2.4 Characterisation of MNFC suspensions 
2.4.1 Challenging characterisation: multi-scale sized features 
As already rnentioned, a typical MNFC material rnay contain residual or partially broken 
down fibres , fibril bundles, fibrils as weil as nano-fibrils, and eventually nano-crystals. 
So, the characteristic diarneter scales range frorn several 10 llIll to sorne nrn whereas the 
characteristic length scales range from several mm to sorne nm (Miao and Hamad 2013; 
Roussière et al. 2014; Xu 2014). As most quantitative measurernents typically are only 
reliable in sorne limited dirnensional ranges, a thorough assessment using only one 
measurement technique is not adequate. Measurements characterising macroscopic 
properties present the shortcoming of measuring only an overall effect that may just be 
the result of a combination of several effects, without any possibility to separate arnong 
them. 
As stated by Kangas et al. (Kangas et al. 2014), there is not yet a single measurement able 
to characterise an MNFC material in sufficient detail to describe it completely and 
properly. Therefore, it is recommended to characterise different MNFC properties with 
different complementary techniques in order to describe different, eventually crucial 
aspects ofthese materials. 
The following section provides an overview on methods that are typically applied to 
characterise MNFC suspensions. It is followed by a section that provides a critical review 
of selected methods. 
2.4.2 Characterisation methods 
The objective of this section is to propose a critical review of the key methods used for 
characterising MNFC suspensions. The methods have mostly been developed for clean, 
simple systems. However, 
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MNFC suspensions are complex systems consisting basically of a solvent, typically water, 
and a solid, so-called "cellulose-based materials", eventually more materials may be 
present like (bio-)polymers and pigment partic1es. However, the cellulose-based materials 
present different forms, or the same form, as aggregated cellulose molecules, but with 
dimensional scales that may be very different. Therefore, different characterisation 
techniques from different fields are needed to assess a system completely. In an MNFC 
material with a broad degree of fibrillation distribution, eventually different techniques 
have to be applied to assess only one property, but on ail relevant dimensional scales, like 
for instance the diameter distribution. 
Figure 2.1 gives an overview on typically methods used to characterise typical properties 
of MNFC suspensions. The following sub-topics give a short introduction to selected 
methods, whereas sorne of them are discussed critically. 
Property 
Amount of nanomatenal 
Average particle size and size 
distribution 
Rheology Le. viscosity, yield stress, gel 
point, aspect ralio 
Appearance, dimensions, branching 
degree. libnl aspect ratio (Iength/width. 
L/w) 
Dissolved (colloidal) substance (amount 
and quality) 
Crystallinity 
Specifie surface area 
Surface charge and chemistry 
(chemically modified cellulose) 
Mechanical properties 
Characlerization method 
Mechanical fractionation by combination of sieves and membranes (Tanaka et al. 2012) 
Fractionation by centrifugation (Ahola et al. 2008) 
Field 1 tube flow fractionation (Haapala et al. 2013) 
Light scattering measurements (for low aspect ratio matenals) 




Microscopy (for fibrillated materials) by scanning electron (SEM), transmission electron 
(TEM) or atomic force microscopes (AFM) (Vartiainen et al. 201 1; Wang et al. 2012) 
Low shear viscosity by viscometers (Iotti et al. 2011) 
Gel strength, viscoelastic properties by rheometers (paakkèi et al. 2007) 
Microscopy by optical microscope (OM) and SEMITEM/AFM (PMkkèi et al. 2007; Ahola 
et al. 2008) 
Gel permeation chromatography (GPC) 
Size-exclusion chrornatography (SEC) 
High-performance liquid chromatography (HPLC) 
Microscopy by SEMITEM/AFM 
X-ray diffraction (XRD) (Iwamoto et al. 2007) 
X-ray scattering by small-angle XRS (SAXS) (Leppanen et al. 2010) 
N2 adsorption, Brunauer-Emmett- Teller (BET) isotherms (paakkO et al. 2007) 
Conductometric titration (Saito, Isogai 2004) 
Polyelectroiyte (PE) titration (Junka et al. 2013) 
Zeta -potential (Eronen et al. 201 2) 
X-ray photoelectron spectroscopy (XPS) (Johansson et al. 2011) 
Fourier Transform Infrared Spectroscopy (FT-IR) (Saito et al. 2006) 
Strength properties of cellulose films 
Figure 2.1: Overview on commonly used characterisation methods 
for MNFC materials , taken from Kangas et al., 2014 
(Kangas et al. 2014). 
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2.4.2.1 Surface and total charge 
By the de-protonation of the hydroxyl groups, cellulose gets a net-charge that can be 
measured. However other residual molecules from the original wood source would also, 
sometimes strongly, add charge to the overall system. Whereas titration methods are able 
to determine the total amount of anionic groups in a system, polyelectrolyte adsorption 
methods can, depending on the selected conditions, eventually differentiate between total 
and surface anionic groups. 
In an overview Fardim et al. (Fardim et al. 2002) describe several different methods to 
determine the amount of anionic groups of pulp fibres . Besides the generally reliable 
titration methods to determine the total charge, a very simple and easy to perform 
colorimetric method, namely methylene blue sorption, is pointed out to be almost as 
accurate as the conductometric titration, but without any extensive sample preparation. As 
already shown by Fardim et al. (Fardim et al. 2002), different pulp types will have 
different amounts of anionic groups because, among other reasons, of eventual residual 
species other than cellulose, for instance like hernicellulose and lignin. They also 
mentioned that pure mechanical pulping will not have an influence of the amount of total 
anionic groups, indicating that the methylene blue is able to diffuse completely through 
the pulp fibres, and therefore sorb onto anionic groups within a fibre. In essence, these 
methods are unable to measure a degree of fibrillation directly: i.e. with no modification 
of the method. They may probably serve as base line measurements of the total charge, to 
which a surface charge can be related and eventually, an overall, apparent degree of 
fibrillation can be estimated. 
As seen previously (Fardim et al. 2002), polyelectrolyte titration can measure surface 
charge, without the bulk charge. However, to obtain reliable results, the experimental 
conditions have to be selected carefully (Fardim et al. 2002; Horvath et al. 2006). As the 
amount of surface charge is directly related to the amount of accessible surface that is 
moreover dependent on the degree of fibrillation of the MNFC material, the pol y 
electrolyte titration may be a suitable method to determine the degree of fibrillation . 
As just seen, because not only cellulose is contributing to a charge measurement, but also 
the residual species (lignin, hemicelluloses) (Fardim et al. 2002), it is usually necessary to 
know the exact composition of the feed pulp. However, as the pulp source will not be 
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changed within this work, the relative contributions of non-cellulose compounds will not 
change among different experiments. In any way, the actual share of non-cellulose 
compounds should be small as a bleached pulp quality will be used. Because it is useful, 
not to say necessary, to know both the surface and the total charge to be able to ca1culate 
a relative degree of fibrillation if one assumes that the total charge equals the completely 
fibrillated state (see paragraph 2.4.2.1 for more details), one has still to ensure that the 
measured surface and total charge are adequately measured. It appears that polyelectrolyte 
titration is suitable to measure surface charge, ifthe measurement parameters are properly 
selected (Horvath 2003; Horvath et al. 2006; Hubbe et al. 2005). To assess the total charge, 
poly-electrolytes typically are not suitable as they are too large to penetrate completely 
into the cellulose structure. In this case, other titration methods like conductometric 
titration or colorimetric methods like methylene blue sorption can be used (Fardim et al. 
2002). 
2.4.2.2 Zeta potential 
The charge on a surface of a particle creates a potential that is called surface potential ljJo 
right at the particle surface. This potential decreases with increasing distance to the 
particle surface and approaches zero for long enough distances. How the potential 
decreases depends mainly on the ion-speciation of the surrounding electrolyte. Sorne 
models, i.e. the Stem model, assume a layer of counter-ions that are bound to the surface 
(so-called "Stem-layer"). As a consequence of the counter-ion adsorption, the potential at 
the surface of the counter-ion layer is reduced. This potential typically is called the Stem-
potential ljJ d . 
Another potential exists when there is a relative movement between a particle and an 
electrolyte, which is the elektrokinetic- or ( -potential. This potential is present at the so-
called "slipping plane" which defines the region of transition between the electrolyte 
moving with the particle and the electrolyte moving relatively to the particle. Depending 
on the model, the slipping plane sometimes is defined to be at the Stem layer. 
The presence of the (-potential leads to sorne electrokinetic effects that Can be used to 
indirectly characterise colloidal suspensions (Jacobasch et al. 1985). 
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Elecrokinetic effects: 
- Electro-osmosis: The solid phase material is immobilised (by e.g. a diaphragm) 
and surrounded by the solvent. Then an electric field is applied that causes a 
movement of the ions of the electrolyte and therefore a net flow of the electrolyte 
that is measured. 
- Streaming current or -potential: As in the electro-osmosis, the solid phase 
material is fixed and surrounded by the e1ectrolyte. However, in this case an 
electrolyte flow is induced by applying a mechanical force (e.g. pressure) and the 
resulting potential (or current) between two electrodes is measured. 
Electrophoresis: A potential is applied between two electrodes that are in contact 
(immersed) with the suspension. The electric field leads to a net flow (rate) of the 
solid particles that are then measured with different techniques. 
Sedimentation potential: The sedimentation of the solid phase particles leads to 
a built up of a potential between two horizontally arranged, immersed electrodes 
compared to the initial, fully dispersed suspension state. 
So ev en though the ç-potential does not directly measure the surface charge, it does give 
information about the charge situation close to the surface but not independently of the 
bulk ion speciation. However, whether the ç-potential can be used to describe the degree 
of fibrillation of an MNFC suspension is questionable, ev en though it is sometimes used 
as such in the literature. 
As the zeta potential is assumed to be an inherent material or system property, the value 
that is obtained for a given system should be the same, independently of the used measure 
principle. However, especially in the case of zeta potential measurements performed on 
fibrous suspensions, it is seldom the case (EI-Gholabzouri et al. 1999; Hubbe and Wang 
2004; Jacobasch et al. 1985; Jaycock 1995). We surmise that the main reason is probably 
that assumptions made in the respective theory for a given measurement principle are not 
fulfilled in the actual measure. For instance in pad-forming streaming current detectors , 
the equation used applies to single, straight capillaries (Jaycock 1995), and not for fibre 
pads; other assumptions are also not accurate or verified (Hubbe and Wang 2004; Jaycock 
1995). 
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As per Jaycock (Jaycock 1995) and Hubbe and Wang (Hubbe and Wang 2004), it is 
recommended to use electrophoretic mobility type of measurements to assess the zeta 
potential of MNFC suspensions. On the one hand, it is because the underlying theory is 
c10ser to the actual measuring conditions, and on the second hand, as no instrumentation 
changes are necessary. Nevertheless, although ofminor importance, the filter-mesh would 
most likely have to be changed in a pad-formation device as the fine fraction of an MNFC 
would not be held back completely at the screen. However, as pointed out above, as the 
Debye-Iength and fibril/fibre diameter are not known (but with a probable broad 
distribution), it is not possible to adequately choose the right approximation. It is therefore 
not possible to reliably ca1culate a correct, absolute zeta potential value. Another condition 
that may lead to wrong absolute zeta potential values is the concentration, as partic1e 
interactions are not considered in widely used electrophoretic mobility and zeta potential 
relations (Dukhin and Goetz 2002). It is then further recommended to use the 
electrophoretic mobility values instead. 
Finally, the system needs to be sufficiently diluted to be reliably measured by 
electrophoretic experiments (Dukhin and Goetz 2002); unless sorne specialised formula 
is used that accounts for additional effects in concentrated systems. ln effect, the dilution 
is not reflecting the suspension state in the undiluted system anymore. As the zeta potential 
is not a property of the suspended phase alone, but one of the complete system, the actual 
measured value is likely to be different from the "true" undiluted system value. 
Notwithstanding our thorough critical analysis, it is conc1uded that the zeta potential, 
respectively the electrophoretic mobility cou Id be used as a relative measure within a 
system as long as the sample preparation is kept the same and accurately checked 
throughout the measurements. 
2.4.2.3 "Particle size" 
Depending on the partic1e size relative to the wavelength oflight, partic1e size distribution 
can be determined using dynamic light scattering (DLS) or laser diffraction methods, 
whereas DLS is suitable for the condition of r < À. and laser diffraction for r ~ ..1., r being 
the radius of the "spherical" partic1e. For non-spherical partic1es, a volume-equivalent 
sphere radius is given as a result, that of course is relatively inaccurate for partic1es having 
high aspect ratios (length to width ratios) . For colloids, the read-out radius is the 
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hydrodynamic radius of the colloidal parti cl es. As MNFC suspensions can have entities 
smaller and larger than the wavelength of light, it is worth to have a quick look on the 
theory supporting both techniques: 
Dynamic light scattering (DLS) 
For small particles (r < À), the Stokes-Einstein equation is used to describe particle 
diffusion: 
ksT D=--
61t1JrH Equation 2.1 
where D is the diffusion coefficient, ks is the Boltzmann-constant, fi is the solvent 
viscosity and rH is the hydrodynamic radius. 
Due to relative movement of the colloidal particles originating from Brownian motion, 
the intensity of the measuring laser light beam is fluctuating. The frequency of the 
intensity fluctuation can then be related to the particle size distribution. 
Laser diffraction 
In this method, the Mie-theory is the basis for the particle size measurement method. It 
describes the elastic diffraction of waves on particles. As the diffraction angle, or the 
respective interference pattern of moving particles, is parti cIe size dependent, one can 
ca1culate the particle size distribution by measuring the diffraction angles or the intensity 
fluctuation, respectively at given angles. In order to be able to calculate the particIe size 
exactly, the refractive index and the extinction coefficient of the suspended material are 
needed. For larger particles (r > À, r > 50 Iilll), the Fraunhofer-approximation can be used, 
in which case no refractive index and no extinction coefficient are needed anymore. 
As stated above, the described techniques only give an equivalent sphere diameter (ESD) 
(Tscharnuter 2000), respectively a hydrodynamic radius for colloids as a result but no 
information about the fibre length and diameter unless some additional data treatment is 
applied (Rodriguez-Fernandez et al. 2007). 
The ESD for a coiled chain-Iike particle IS therefore glvmg information on the 
hydrodynamic radius, rather than on the actual length and width of the chain itself. 
Furthermore, it is very likely that the absolute size value of a given non-spherical particle 
will be different wh en measured with techniques with different measurement principles 
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(Jennings and Parslow 1988). ESD data can be combined with other physical properties 
of the non-spherical data; like with BET (Brunauer-Emmett-TeIler) surface area for rod-
like particles as stated by Gantenbein et al. (Gantenbein et al. 2011). However, this is 
seldom do ne when particle size data ofMNFC are presented in literature (Dimic-Misic et 
al. 20l3a; Dimic-Misic et al. 2014). Therefore we agree with Kangas et al. (Kangas et al. 
2014) and recommend not to use any particle size measurement technique that is designed 
for spherical particles to measure the MNFC parti cie size distribution. 
Altematively, imaging methods are able to produce pictures of the actual material where 
dimensions can then be measured. Depending on the feature to be measured, the level of 
magnification has to be selected. For low magnifications optical rnicroscopy is suitable. 
However, common resolution lirnits optical microscopy to measure, at most, partially 
fibrillated fibres to a size down to sorne !lm. Scanning electron microscopy (SEM) can be 
used for higher magnifications, with a resolution down to sorne nm with a field emission 
electron source. However low magnifications can also be used. If even higher resolutions 
are required, either transmission electron microscopy (TEM) or atomic force rnicroscopy 
(AFM) are required. Using image analysis software, it is then possible to evaluate pictures 
automaticaIly. 
Although the use of imaging techniques combined with image analysis to assess an 
MNFC 's particle size distribution appears more reliable (Kangas et al. 2014) than previous 
techniques, sorne limitations have to be accepted and special experimental precautions 
have to be taken. The sample has to be homogeneous and the imaged surfaces have to be 
representative for the whole system. Furthermore, a good dispersion of the materials is 
mandatory, i.e. one has to ensure that individual entities are separated and not aggregated 
in a larger entity. In relationship with the aggregation factor, an appropriate drying 
technique has to be applied - as is, or should be, the case for most techniques that are able 
to image dry samples in the true nanometre scale - to prevent the condensation of the 
ceIlulose-based materials during drying. Finally, the amount of evaluated materials has to 
be large enough in order to have good representativity and reliable statistics. In order to 
assess the full size-scale spectrum of MNFC suspension materials, different techniques 
have to be considered. However, as aIl of these techniques can be scaled, it is not a 
problem to combine size data from one to the other. However, the determination of 
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cellulose fibrillength is practically not possible using imaging techniques as the diameter 
(width) is too small compared to the length. It is one or the other: either the fulliength can 
be measured but at this low magnification the resolution is too weak to image the fibril 
diameter, or the diameter, can be measured at increased magnification, but the fulliength 
cannot be determined anymore, it being outside the field of measurement. Additionally, it 
is also quite difficult in practise to identify single fibrils as entanglements are quite 
frequent. 
2.4.2.4 Rheology 
Fundamentally, rheology is investigating how a material is responding to an applied force. 
Typically, rheology is measured on systems that consist of at least one material in a liquid 
phase. The response of the material to the applied force may be viscous, elastic or a 
mixture ofboth. Using different measurement procedures, rheology is able to characterise 
the individual contributions to the overall response and by applying adequate models and 
theories, it is then possible to make conclusions on the materials (micro-) structure and 
interactions. 
There are two basic types of rheometers based on the way the force is applied to the 
mate rial under investigation: shear- and extension. Within the shear rheometry, another 
classification is based on the way shear is introduced. On the one hand, it can be done by 
drag applied to relatively moving surfaces, or by pressure generated in order to force the 
material through a certain geometry (Figure 2.2). 
Drag Flows: Coordinates 
Chapter 5 XI x2 x J (section number) 
Siiding plates (5.2) ,t{&Y 7 x y 
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~ 
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_r tto) .. m: .m::) 9 x 
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Figure 2.2: Common drag and pressure flow geometries, image taken 
from Macosko, C.W., Rheology Principles, 
Measurements and Applications, 1994 (Macosko 1994). 
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Different measuring geometries exist in shear rheometry. Commonly used designs include 
concentric cylinders (Couette flow) , cone-plate and parallel dises for drag methods, and 
capillary flow (Poiseuille flow) for pressure methods (Figure 2.2). 
A typical dynamic shear rheometer consists of a motor that creates a constant rotation at 
a required rotational speed and an oscillation at given amplitude and frequency. The 
response of the material is measured as the torque, either on the driven or the fixed 
geometry. The torque is then translated into shear rate and stress using, for example, 
following equations: 
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For concentric cylinders configuration 
For K > 0.99 (ratio of the two cylinders) 
Equation 2.2 
Whereas Ra is the inner radius of the outer cylinder and Ri is the outer radius of the inner 
(moving) cylinder. 
The shear rate is then calculated as: 
with Ji is the shear rate and .n is the rotational speed. 






with ris the shear stress, M the torque and L the height of the inner (moving) cylinder. 
For cone-plate configuration 
For f3 < 0.1 rad, whereas f3 is the angle of the cone in relation to the bottom plate, the 
shear rate is: 




r = 2nR3 
whereas R is the radius of the bottom plate. 
Equation 2.5 
Equation 2.6 
In order to assess the viscous properties of a material, a constant shear with respect to the 
direction of the shear is applied. Properties like the dynamic viscosity rJ can then be 
obtained: 
r 
rJ=-Ji Equation 2.7 
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Measuring the viscosity as a function of the applied shear rate and thus producing a so-
called flow curve, will provide indication of the material fluid structure and structural 
changes, depending on the nature of the resulting flow curve. Whereas in the case of 
Newtonian behaviour, the viscosity is not depending on the applied shear rate, for man y 
materials like polymer melts and material mixtures (suspensions, emulsions, colloids), 
viscosity is a function of the applied shear. The viscosity may decrease with increasing 
shear rate, for a pseudoplastic behaviour, or increase with increasing shear rate for a 
dilatant behaviour (Figure 2.3). 
Figure 2.3: 
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Figure 3.4: Viscosity functiofl , overvielV: 
(1) ideal/y l'iscou 1(2) shear·chinningj 
(3) sllear·chickening behal'ior 
Shear rate dependent viscosity curves , taken from 
Mezger, T. G, The Rheology Handbook, 2014 (Mezger 
2014). 
Additionally, the viscosity can also be measured as a function oftime at a given shear rate 
in order to characterise the time constant of eventual structuring processes induced by an 
applied shear or shear change. If the viscosity becomes smaller with time at a given shear 
rate, it is a thixotropic behaviour, in the opposite case when the viscosity increases with 
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Figure 3.39: Time·lfependelll l'iscosit)' cun'I' .~: for 
(1) 10 (3) 5('(' lexI of figure 3.Ji 
Time-dependent viscosity curves, taken from Mezger, T. 
G, The Rheology Handbook, 2014 (Mezger 2014). 
To evaluate the elastic properties of a non-Newtonian (viscoelastic) material or the 
transformation from a solid-like to a fluid-like material, dynamic shear /oscillation 
experiments are to be considered. In such experiments, the moving geometry is not 
constantly rotating, but oscillating back and forth with a controlled frequency and 
amplitude. Depending on the property of interest, one can perform an amplitude sweep at 
a fixed frequency, or a frequency sweep at a fixed amplitude. The amplitude sweep gives 
more information about the structure of a material and the structural change induced by 
deformation compared to the frequency sweep which provides more insight in time-
constants - and phase stability for heterogeneous system - of a system (Leung et al. 2014). 
Typical properties determined in dynamic shear experiments are, for instance, the storage 
modulus (C') describing the extent of elastic response of the material , and the loss modulus 
(C") , describing the extent of the viscous response of the material. In an amplitude sweep 
experiment of a viscoelastic material, those moduli are typically amplitude-independent 
up to a certain amplitude (or shear) value; the corresponding region is called the linear 
viscoelastic (L VE) region. Depending on which modulus is higher in absolute value, the 
material behaves like a viscoelastic liquid (C" > C') or a viscoelastic solid (C' > C"). 
After the L VE region, the moduli typically start to change with the amplitude further 
increasing. Eventually, the material starts to behave differently when the two moduli 
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curves cross over (G' = G"). The ratio between the two moduli rather than the absolute 
values may be of interest because it defines the materials overaIl appearance. Therefore, 
the loss factor is defined as 
G" 
tan 0 = Gï 
or alternatively, the phase angle is defined as 
G" 
0= tan- l -G' 
Equation 2.8 
Equation 2.9 
For practical reasons, it might be more convenient to use the phase angle as it ranges from 
o to 90 0 whereas the loss factor ranges from 0 to 00 . A phase angle of 00 then is describing 
a perfectly elastic solid material , whereas a phase angle of90° is describing a Newtonian 
fluid . The crossing point of the two moduli, is then also easily to find at a phase angle of 
45 0 • The yield point is defmed at a certain deviation (reduction) of the storage modulus 
from the L VE plateau value. However, several other approaches and d<;:finitions to obtain 
the yield point exist as weIl and a more in-depth discussion can be found in paragraph 
7.4.3. 
TypicaIly, an amplitude sweep measurement is performed prior to a frequency sweep 
measurement in order to determine the L VE region, and from this, selecting an appropriate 
amplitude (within the LVE region) for the frequency sweep measurement (unless specifie 
investigations of the viscous-behaving suspension want to be made). 
FinaIly, also more applied measurement protocols can be used where different 
measurement parameter sets are combined, like for instance in the three interval test 
(3ITT) . This test consists ofthree intervals, in which the first and the last one each measure 
an actual material's condition like a low-shear dynamic viscosity or a specific modulus, 
and the second one is simulating a process condition like a high shear rate . Like this, one 
can investigate the time that the material needs to get back to the initial condition (a certain 
viscosity or modulus value), after the condition of the second interval. Performed like this, 
this test is able to characterise the time dependency of a structural change of the material, 
and by setting specifie conditions for the intervals, it can be used to simulate specific 
application conditions. 
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As mentioned earlier (section 2.4.2.4), it is eventually possible to hypothesise structural-
and interaction models from a combination of rheological measurements of a system. Yet, 
the rheological properties on their own are averaged, macroscopic properties of the 
complete system, including ail contributing effects (that may be of very different nature). 
Rheology is a mature discipline based on a solid background and base for weil accepted 
models and theories, as weil as reliable equipment. However, the appropriate selection of 
measures is a crucial step in order to avoid as much as possible unwanted side effects as 
e.g. end-effects, secondary- and/or turbulent flows, shear banding, and wall slip. Onlya 
few researchers have addressed these issues with a focus on the characterisation ofMNFC 
applications. 
In order to avoid wall slip and confinement typically observed in gel like systems 
(Karppinen 2014), Mohtaschemi et al. (Mohtaschemi et al. 2014b) have used a vane in 
cup geometry and wide gap set-up in place of the typically narrow gap Couette set up in 
the rheometer. However, the wide gap set-up led to a non-uniforrn shear profile. 
Consequently, the data had to be corrected in order to ob tain the true, intrinsic flow curve. 
This was achieved via an iterative correction algorithm. The hysteresis ofthe shear stress, 
and/or viscosity (lotti et al. 2011), originating trom up- and downward shear rate sweep 
experiments was not uniquely attributed to the measurement set up and the used spatial 
dimensions, but also to a system-intrinsic characteristic. As hysteresis also occurs in 
narrow gap set-ups, it is assumed that the general behaviour of su ch MNFC suspensions 
can be characterised by the wide gap set-up; but probably with sorne error in the absolute 
values (Mohtascherni et al. 2014a). Another effect related to the cup geometry is that 
secondary flows may occur at increased shear rates . Without any model to correct for the 
phenomena, we conclude that only shear rates with no secondary flows can be measured. 
It represents a major drawback of the method. Furtherrnore, the algorithm parameters have 
to be deterrnined prior to the correction. As only one example is presented (one solids 
content of one NFC type), it is not clear whether the reported parameter values are 
universal but eventually related to system characteristics like solids content or have to be 
deterrnined for every single system. Finally, additional extensive measurements would be 
necessary to validate the corrected curves, as so far no "truly correct" measurement exists. 
37 
In another work by Mohtaschemi et al. (Mohtaschemi et al. 2014a), a vane rotor mounted 
on a Brookfield viscometer was used to measure the torque on the rotor in dependence of 
different angular velocities for MFC and NFC suspensions at different dilution levels. The 
shear stress vs. shear rate flow curves were derived by two different methods, one taking 
into account the spatial heterogeneity of the shear rate in a complex fluid (denoted 
"corrected"), and the other without correction, assuming a linear shear rate profile across 
the gap. They found that the "corrected" shear stresses are lower than the uncorrected 
ones, and that the shear stress trends remained about the same. The critical shear stress 
calculated according to the Herschel-Bulkley model was also lower for the corrected data 
and the trends were also the same as presented in the flow curves. It may be conc1uded 
that relative trends are observed correctly, even when applied models do not take into 
account heterogeneous shear profiles. An interesting observation, mentioned by the 
authors, is that for NFC, the difference between corrected and uncorrected shear rate 
values seem to become bigger for increased shear rates for all solids contents. At the 
opposite, for MFC, the differences become smaller with increasing shear rates. The 
highest shear rate being only about 40 S-l , an extrapolation of the trend would bring values 
ofboth models to converge in the case ofMFC. We propose that a less fibrillated material 
would eventually show less shear banding as it is more likely to have less "mobile" entities 
that ex tend over a larger length. Therefore, it would transduce the shear force further away 
from the moving surface to the static surface. Consequently, after a certain time and/or 
shear rate, the shear rate profile becomes again linear). However, in the case of the fine 
NFC material, the shear banding increases with shear rates and therefore the miss-
prediction of the uncorrected data becomes bigger, i.e. the non-linearity of the shear rate 
profile increases, and the error becomes larger when assuming a linear shear profile in the 
case of the "uncorrected" data. 
With viscosity measured on a Brookfield viscometer, Sneck et al. (Sneck et al. 2011) 
found that the vane rotors set-up had a better reproducibility than the c1assical disc set-up 
which led to varying data. Furthermore, as the viscosity was measured at different 
rotational speeds, i.e. shear rates, at low shear rates, the absolute viscosity number did not 
differ too much between the two different measurement set-ups. However, when 
increasing shear rate, the disc set-up typically led to lower viscosity numbers. However, 
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as they used the same MFC suspension in both methods, the lower viscosity numbers were 
likely not originating from a different intrinsic effect. It could eventually be explained by 
a wall slip phenomenon leading to an overall reduced torque which translates into smaller 
viscosity numbers. The behaviour seems to agree with the observations by Mohtaschemi 
et al. (Mohtaschemi et al. 2014a) made in the case of the NFC material for corrected and 
uncorrected data. However, as repeatability in the parallel dise measurement was low, data 
interpretation should be subject to caution. Interestingly, Iotti et al. (Iotti et al. 20 Il) did 
not report repeatability issues with a dise-dise set-up, probably related to the use of 
roughened plates (no wall slip). 
Although the vane cup geometry is less likely to create wall-slip, it may induce non-
laminar flow at increased shear rates. Another option is worth considering as, if the 
contribution of the wall slip to the overall measured effect like the viscosity is known, one 
could correct the measured data accordingly. Yoshimura and Prud'homme (Yoshimura 
and Prud'homme 1988) provided a simple procedure to deterrnine the wall slip for 
cylinder-cup (Couette) and plate-plate geometries. 
2.4.2.5 Surface area measurement 
The measurement of surface area of MNFC is sometimes used as an indicator for the 
degree of fibrillation assuming that one can measure the total surface of the material as 
more fine features will give a higher surface to volume ratio. One standard method is the 
Brunauer-Emmett-Teller (BET) nitrogen (N2) adsorption (Kangas et al. 2014). The 
method requires a sarnple preparation that maintains the original, suspension-state 
structure of the fihre-fibril network, avoiding especially condensation and collapsing of 
the structure. Freeze drying is typically used for the purpose. Zheng et al. (Zheng et al. 
2014) showed that BET surface area measurement is limited to a certain size range of the 
features. It means that the very fme NFC fraction cannot he measured by this method. 
Altematively, a Congo-Red absorption method can be applied to deterrnine the specifie 
surface area ofMNFC materials in suspension (Spence et al. 2011). But, as mentioned by 
the authors, the method is prone to be influenced by the surface chemistry of the used 
pulp. Yet, as a relative measure within a given pulp system, the method is still suitahle. 
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2.4.3 Conclusion 
As presented by Kangas et al. (Kangas et al. 2014), as one single parameter is not able to 
describe adequate1y and in sufficient detail an MNFC suspension, and as often a single 
parameter is not even able to distinguish between different types of MNFC, an extensive 
set of parameters is required. However, for relative comparisons in fixed systems, a 
reduced set of parameters might be sufficient in order to form hypotheses for working or 
basic principles. 
The size information of the cellulose entities is expected to be important in order to 
develop a model on the stability and the rheological behaviour ofMNFC suspensions. As 
traditional particle size measurement methods are not able to give individual dimensions 
of non-spherical particles, those techniques remain highly questionable if a, often 
"coiled", fibre-like particle is under investigation. Therefore, imaging techniques 
including image analysis look more appropriate, even though real quantification remains 
painstaking and difficult as different imaging techniques have to be used because of the 
large spread of diameters of the MNFC materials. 
Furthermore, the characterisation of the charge situation in an MNFC suspenSIOn IS 
important as the major part of the repulsive interaction in the system will derive from 
electronic interaction. As the determination of surface charge via poly electrolyte titration 
is relatively reliable, provided that the measurement parameters are properly selected 
(Horvath 2003), the method should normally be applied. The zeta potential measurement 
can be used, too, within a given experimental series for relative comparison. However, 
absolute values should be used with caution as they are most likely not comparable to 
other MNFC systems. 
Finally, rheological measurements will pro vide a solid basis for getting information, 
although indirectly, on structural interactions in suspensions. The measurements typically 
are reliable, if side- and end-effects are controlled and/or considered. 
2.5 Rheology of MNFC suspensions 
Please note that the literature review provided in this section is a snap-shot of the time 
before the first article of this PhD work was published. It gives an overview on the basis 
on which the rheological aspect of this work was initially considered. More recent and 
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specific literature reviews are provided in the respective introductions of the publications 
(Chapter 5 - , Chapter 7 - , Chapter 8 - and Chapter 9 - ). 
2.5.1 Pure MNFC systems 
Iotti et al. (Iotti et al. 2011) showed the viscosity of MFC suspensions in dependence of 
the shear rate (Iow shear: 0.1 to 1 000 S-l and high shear: 180 000 to 330 000 S-l) . Up- and 
downward sweeps were recorded for different solids contents (1 , 2, 3 and 4 wt%) and at 
different temperatures (25, 40 and 60 oC). They reported both the typical shear thinning 
behaviour and the hysteresis between the downward- and the respective upward viscosity 
curve. The hysteresis seems to decrease for high solids contents but it is still weil 
observable (Mohtaschemi et al. 2014a). The hysteresis also decreases at high 
temperatures. Furthermore, it appears that the hysteresis onset shear rate increases with 
temperature, whereas the hysteresis end-point remains unchanged; an observation not 
mentioned by the authors. Additionally, steady shear experiments (5 min), at 
representative shear rates within the hysteresis region showed that the viscosity is time-
dependent. Whereas a thixotropic (viscosity decreases with time) behaviour is observed 
in the first part of the downward curve in the hysteresis area, rheopectic (viscosity 
increases with time) behaviour is observed both in the second part of the downward curve 
and on the upward curve of the hysteresis area. Finally, a shear-thickening (dilatant) 
behaviour is observed at high shear rates. As correctly pointed out by the authors, the 
upward shear sweep curve is rarely, if not at ail, reported. Therefore, the hysteresis is 
generally not reported either. The hysteresis area (the relevant shear rate are a) rnight 
however be a remarkable starting point to investigate the loss- and storage modulus as 
weil as other properties, e.g. like time dependency, in order to get a deeper understanding 
ofthe interactions in MNFC suspensions. It becomes therefore of research interest to study 
how the hysteresis is modified or not by, for instance, changed electrolyte conditions, 
added polymers -dissolved and/or adsorbed (Liimatainen et al. 2009), and pigment 
particles. 
Sneck et al. (Sneck et al. 20 Il) presented viscosity data of a mechanically 
(Supermasscolloider) produced MNFC suspension in dependence of the amount of passes 
through the grinder. They found that the shape of the viscosity versus shear rate curves 
looked similar, with increasing absolute values at increasing number of passes. Different 
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MNFC suspensions from different suppliers were thus characterised. The shear thinning 
behaviour, i.e. the slope of the viscosity versus shear rate curves, varied for different types 
of MNFC suspensions. When combined with observations by Kangas et al. (Kangas et al. 
2014), we can conclude that a MNFC suspension rheology is a measure of various 
interactions occurring in such a system. It cannot directly be related solely to one 
parameter as, for instance, the degree or state of fibrillation. Previous statement is not on1y 
true for different types of MNFC suspensions, but a1so within a fixed system. This was 
further verified by the steady increase of viscosity with an increasing amount of passes 
(Sneck et al. 2011) while the viscosity was reduced for a different but more ground product 
(Kangas et al. 2014) . These two sets of data indicate the counter-play of two effects in 
mechanically ground MNFC suspension. 
At the start ofthe fibrillation treatment, the fibre suspension being inhomogeneous, only 
a small amount of charge carrying surface is available. It means that the main viscosity 
influence effect is most probably due to hindered relative motion of fibres or fibrils due 
to entanglement. As fibrillation proceeds, the fibres are broken down in smaller fibrils 
which th en provide automatically a larger surface to volume ratio . It follows that they 
might easily separate from each other. On the one hand, it wou Id mean that the interaction 
between fibrils is decreased due to a higher apparent charge per fibril volume which 
basically should lead to a de crea se in viscosity. On the other hand, a better state of 
dispersion may lead to more entanglements resulting in the relative motion offibrils being 
hindered. This second effect seems to be dominating du ring the initial phase of fibrillation 
(Kangas et al. 2014). After a certain fibrillation level, the fibrils exhibit a relatively high 
surface charge to volume ratio. Consequently, the repulsive interactions become more 
pronounced. However, the situation may be more complex when considering the 
like1ihood that entanglements increase as the fibrils become fmer. Indeed, if the fibrils 
become smaller and smaller, they might become more flexible as larger fibres tend to be 
stiffer than sm ail fibrils alone. Therefore, entanglements could slip relatively to one 
another more easily. Furthermore, if sorne cutting ofthe fibres occurs during fibrillation, 
the aspect ratio of the fibrils decreases resulting in less hindering interactions between 
fibrils (as could be deduced from work by Kangas et al. (Kangas et al. 2014)). Overall one 
would expect a decrease in viscosity with increased fibrillation (Kangas et al. 2014). 
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From two different sets of experiments (Kangas et al. 2014; Sneck et al. 2011), above 
mentioned hypotheses could not by default be fully supported (even with similar 
processes). Therefore, simple viscosity measures based on the vane set~up of a MNFC 
material in dependence of the amount of passes up to maximum viscosity would be 
supporting our proposai and then become a valuable asset for present work in view of the 
deveIopment of an interaction~flow~structure comprehensive model. 
2.5.2 Influence of additives on MNFC suspensions 
Liimatainen et al. (Liimatainen et al. 2009) investigated the effect of free and adsorbed 
CMC on pulp fibres on the apparent yield stress of MNFC suspensions, filtration 
behaviour, and fines retenti on during filtration. In order to control CMC adsorption on the 
fibres, or upon need to avoid it, CMC was either added to the pure pulp suspension (almost 
no CMC adsorption) or to a 50 mM Ca2+ (CaCb) and 10 mM Na+ (NaHC03) containing 
pulp suspension. At only about 0.04 to 0.1 wt% based on pulp fibres, CMC adsorbed on 
the pulp fibres . It was possible to adsorb up to 1.4 wt% CMC onto the fibres with increased 
electrolyte concentration and even higher loadings were possible by increasing CMC 
addition levels. It was shown, that independent of the CMC state (adsorbed and free), 
CMC did influence the investigated properties, e.g. the yield stress. 
However, adsorbed CMC had a stronger impact on the characterised rheological 
properties than free CMC, e.g. a stronger reduction of the yield stress. The authors 
proposed that both free and adsorbed CMC would basically reduce the attractive 
interaction between pulp entities; namely a "reduction offibre-to-fibre friction" . Theyalso 
pointed out that CMC might promote the "disintegration" (probably meant as "liberation") 
of fines from the pulp fibre surface and thus reduce the overall fibre-to-fibre contact 
points. Based on their work and on the findings of Xu et al. (Xu 2014), whether the 
presence of CaC03 pigments in an MNFC suspension provides enough Ca2+ ions to 
promote CMC adsorption (as adsorption data in (Xu 2014) indicate a very low CMC 
adsorption) or not wou Id be worth investigating. Furthermore, CMC adsorption in an 
adequate electrolyte could be investigated for MNFC suspension having different degrees 
of fibrillation, assuming a higher adsorption for stronger fibrillated MNFC as more 
cellulose surface is accessible for adsorption. 
43 
Vesterinen et al. (Vesterinen et al. 2010) investigated the influence of salt concentration 
on the rheology of pure polymer solutions such as CMC, cationic starch (CS), cationic 
polyacrylarnide (CP AM), and polyethylene oxide (PEO). The overall viscosity is reduced 
while the shear thinning behaviour is reduced or even disappears (CPAM, CS) at the 
higher salt concentrations, from 0.5 mM to 10 mM Na+. The charge density of the 
polymers is usually not taken into account to estimate the general colloidal stability of the 
individual polymers and thereof their sensitivity to salt concentrations. Nevertheless, 
previous results indicate that the ion speciation might not only change the adsorption 
behaviour of the polymers onto cellulose entities (Liimatainen et al. 2009), but also the 
intrinsic contribution of the polymers and the cellulose entities. From studies of high 
cationic starch, CMC, CP AM and PEO loadings on MFC suspensions (1 : 1 w/w dry), it 
was shown that the addition of polymers generally increases the loss factor (tana) of an 
MFC suspension, meaning that the system behaves more like a viscous material. 
Unfortunately, no loss factor curves were provided for the pure polymer suspensions. 
However, at such high pol ymer to MFC ratios, it can be assumed that the pol ymer would 
dominate the viscoelastic behaviour of the system. As the pol ymer levels (based on MFC) 
are rather high, one may surmise that substantial amounts of the added polymers remained 
free in solution; i.e. they were not adsorbed on the cellulose fibrils . As adsorption was not 
characterised, it is impossible to known if the pol)'lner concentration in solution was the 
same for ail polymers. The measured properties are then likely a combination of effects 
of pol ymer adsorbed on the fibrils changing their general interaction and of the structural 
change of the polyelectrolyte. 
Based on our analysis of previous works, we propose that the rheological behaviour of 
MNFC suspensions could be investigated in dependence of the CMC addition levels in 
combination with adsorption data. Furthermore, oscillatory rheometry could be performed 
at different frequencies in order to find an eventual structure recovery time constant. 
2.5.3 MNFC in complex systems 
Dimic-Misic et al. (Dimic-Misic et al. 2013a) performed an extensive study of different 
rheological characteristics of coating colour formulations containing either only CMC as 
co-binder or CMC-MFC or CMC-NFC mixtures at a fixed ratio as co-binder to a latex 
binder. Rheological measurements were performed on pure mechanically ground MFC 
44 
and TEMPO oxidised NFC suspensIOns at different consistencies. As expected, the 
apparent yield stress ofa given suspension increased with an increasing consistency of the 
suspension. Interestingly, at low consistencies « 1.5 wt%), the apparent yield stress was 
the same for the MFC and the NFC suspensions. As the NFC suspensions content more 
nano-sized elements than MFC suspensions, the main cause for their gel-like behaviour, 
one could assume a higher yield stress for the NFC suspensions when compared to the 
MFC suspension at equal consistency. However, as the manufacturing processes differ 
significantly and as the oxidation even leads to grafting with functional groups, a direct 
comparison remains hazardous (see chapter 2.2.1.5). Sorne consistent effects are related 
to the partial replacement of CMC to MFC or NFC, e.g. a reduced storage modulus for 
MFC and NFC containing formulations. In general, the identification of specific effects 
of e.g. MFCINFC with CMC and/or the pigment particles is difficult because ofmissing 
infonnation, e.g. reference fonnulations , and because of the high amounts of co-binders 
(15 parts latex compared to 0.4 parts CMC; respectively 0.1 part CMC plus 0.3 parts MFC 
or NFC) which have a complex rheological behaviour of their own. 
In another publication, Dimic-Misic et al. (Dimic-Misic et al. 2014) investigated model 
coating colour compositions, i.e. dispersed, ground calcium carbonate, clay and styrene 
acrylic latex as a base, mixed with MFC or NFC and/or CMC to investigate the influence 
of those additives on the rheology and the dewatering behaviour of the resulting 
compositions. Based on rheological investigation, the authors argued that, contrary to 
CMC, MFC and NFC do not lead to particles agglomeration. Furthennore, they claimed 
that the pigment particles do not interact strongly with the NFC/MFC and they can move 
freely within the suspension. In addition to the mentioned agglomeration effect of CMC 
on the pigment particles and the latex, the CMC appears to disperse the NFC/MFC or at 
least the respective fine fraction ofMFC. As the pigments are already carrying an anionic 
charge, it is unlikely that CMC adsorbs onto their surface. Nevertheless, due to pigment 
flocculation, probably sorne CMC is bound in the bridging between the particles and is 
therefore available for dispersing the NFC/MFC materials. An interesting follow-up 
experiment would therefore be to use a pigment where the CMC was pre-adsorbed. 
Dimic-Misic et al. (Dimic-Misic et al. 20 13c) further presented rheological studies ofhigh 
consistency (5 , 10 and 15 wt%) fumishes consisting of 70 wt% dry filler (precipitated 
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CaCû3), MFC or NFC (20 or 30 wt%, dry), and pulp fibres (0 or 10 wt%, dry). They found 
that fumishes containing MFC had a higher storage modulus compared to fumishes 
containing NFC in the L VE region. Additionally, they found that samples contain 
additionally pulp fibre have slightly higher storage moduli than samples without pulp 
fibres. In a strain sweep experiment, beyond the LVE region, as the storage moduli 
decreased with increasing strain, the abovementioned differences in storage moduli 
became smaller. Rheological measurements were also performed while simultaneously 
dewatering the different suspensions using an immobilisation cell (IMC). The cell gap 
was recorded in order to indirectly characterise the dewatering process. However, by 
comparing these data with gravimetrically determined solids content offormed pads, they 
concluded that the gap position is not a suitable parameter to determine the dewatering 
process, i.e. the MFC samples showed a larger gap but a higher final solids content. A 
simple explanation might be related to NFC containing furnishes providing more compact 
filter pads as finer NFC fibrils would fill in the pad porous structures built by the pigment 
and eventually the pulp fibres. In addition, the dense pad structure would further densify 
under vacuum filtration as pad compression develops due to the penneability being 
reduced. However, even under strong compression, less and less water is removed from 
NFC system due to water being bound more strongly than in MFC containing systems. 
Intervals between the vacuum filtration and parallel oscillation increased the fmal solids 
content ofa given furnish. Furthermore, high shear rates (rotational speeds) in the intervals 
led to high final solids contents. The relative change in the final solids content between 
the filtrations, with and without the rotational intervals, decreased with increasing initial 
furnish solids contents. However (not mentioned by the authors), the absolute final solids 
content values did in fact increase with an increasing initial furnish solids content. It is 
fmally mentioned that the method (IMC) had its limitations because inhomogeneous 
effects may occur, for instance a solids content gradient during dewatering, or even the 
formation of"solid flocs" that may detach from the filter and move as consolidated entities 
in the cel!. We conclude that separating the filtration and the rheology measurement steps 
are advantageous. Accordingly, the change of rheological properties can be measured 
accurately and, by analysing the filtrate accordingly, be related to the changed relative 
composition of the remaining suspension. 
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The specific interaction between NFC, MFC, or H-MNFC grades (H, for highly 
fibrillated) and undispersed nano-PCC and nano-clay was investigated by measuring the 
particle adsorption on NFC, or CMC adsorbed NFC, using a quartz crystal microbalance 
(Nypelo et al. 2012). It was shown that nano-PCC adsorption increased with increasing 
CaCb concentration, but was low at low ion speciation. Furthermore, CMC was adsorbed 
on the NFC surface at increased ion speciation levels leading to a significant CMC 
adsorption (Liimatainen et al. 2009). It resulted in an increased nano-PCC adsorption; i.e. 
about the same amount of nano-PCC was adsorbed on the CMC treated NFC at 1 mM 
CaCb as it was adsorbed on pure NFC at 10 mM CaCb. 
Potential adsorption of pigment particles on MNFC fibres or fibrils and weak interactions 
impact the rheological response of a suspension. It is therefore of interest to investigate 
the change in rheological behaviour of pure MNFC suspension upon filler addition and 
upon an increase of ion speciation. As a reference point, the pure MNFC suspension needs 
to be analysed for eventual rheological changes upon increased ion speciation. The same 
evaluation should then be performed in the presence of CMC, even though a change in 
ion speciation will inherently change the CMC adsorption on cellulosic species 
(Liimatainen et al. 2009), as weil as the interaction between the pigment particles and 
cellulose/CMC -cellulose surfaces (Nypelo et al. 2012). Eventually, an irreversible pre-
sorbing of CMC on pure MNFC and/or pigment particles could be a solution. 
Additionally, anionically dispersed pigment particles could be used to investigate the 
influence of the pigment particle charge on the interaction mechanisms, for instance with 
nano-clay used as anionic pigment (Nypelo et al. 2012). 
Recent work by Dimic-Misic et al. (Dimic-Misic et al. 2015b) reveals the need for in-
depth analysis oftime-depending rheological effects of MNFC suspensions, in particular 
at low shear rates, i.e. "large" time constants. They found that high consistency, 
MNFC/pigment suspensions exhibited a rheopectic behaviour at low « ca. 15 S-I) shear 
rates (cf. Iotti et al. (Iotti et al. 20 Il )). While thixotropic behaviour was mainly found in 
the flow curve, also rheopectic behaviour was found in the shear rate decreasing sweep, 
at around the same shear rates (10 and 20 S-I) (Iotti et al. 2011) as found by Dimic-Misic 
et al. (Dimic-Misic et al. 2015b). Based on these data, a characteristic time constant was 
calculated that describes the build-up of a low-strain induced structure. 
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Chapter 3 • Hypothesis and objectives 
3.1 Original goal 
The initial goal of this PhD work was to study the interaction mechanisms between 
different components in a complex MNFC suspension. Namely, between cellulose fibrils 
and fibres , pigment particles and dissolved (bio-)polymers. The material space 
(components of the complex MNFC suspension) was defined by industrially relevant 
manufacturing processes. By understanding the interactions, it was planned to determine 
the conditions under which an MNFC suspension is stable and homogeneous, or 
destabilised. Both situations also have a practical relevance, e.g. when it cornes to storage, 
transportation and handling of such materials, but also in application-relevant processes 
like drying and consolidation. This knowledge also allows to hypothesise models, that 
hopefully allow to predict the material 's behaviour under specifie conditions, but also lay 
the basis, for example, for a reliable material characterisation. The key characterisation 
technique selected for this PhD study was rheometry, as it is able to characterise a material 
at different deformation situations. Even though only indirectly, rheological behaviour of 
suspensions can be used to derive morphological models, especially wh en coupled with 
additional characterisation techniques. This again is of high practical relevance for 
industrial scale applications. 
A summary of the original work plan and proposed experimental techniques and 
conditions are presented in the next subsection. Then, in section 3.2, a chronological 
reasoning is provided about why the initial goals had to be refined during the course of 
this work. In section 3.3, the latest thesis objectives are then provided, finally. 
3.1.1 Material space 
The base material for the MNFC process is the pulp. As pulp is a natural product deriving 
from natural sources, mainly wood, and as pulp manufacturing processes are very 
different, very different pulp qualities are available. In order to have the least probability 
of having interference of other species than cellulose, like lignin and hemicellulose, with 
the other MNFC components, a sole bleached, wood-free eucalyptus pulp will be used in 
this work. The effect of naturally present species other than cellulose on pulps on an 
MNFC suspension 's stability should not be neglected (Dimic-Misic et al. 20l5a). 
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Although it would be of interest to investigate this point systematically, it has not been 
considered in the present work. 
The co-processing of pigment tiller in the MNFC manufacturing process is promising for 
the production of MNFC qualities. Consequently, the resulting suspensions contain a 
certain amount of pigment fillers , whereas the ratio between cellulosic and inorganic 
matter may be different for different products. The influence of the pigment tiller on the 
MNFC suspension's stability is therefore of a major interest and will therefore be one 
important parameter to be investigated. 
The main parameter of interest conceming the tiller is the ratio in relation to cellulose. 
However, also the tiller type (partic1e size distribution, surface treatment) may be 
interesting to investigate. In order to maintain a comparability potential throughout the 
work, the pigment tiller will be limited to only one mineraI that is calcium carbonate as 
obtained from marble stone via a mechanical grinding process. 
In tirst pilot scale application trials performed at UQTR (Roussière et al. 2015) it was 
seen that it may be necessary or useful to add other biopolymers to the pigmented MNFC 
suspension to improve the application process. As carboxymethyl cellulose (CMC) 
already performed satisfyingly in the mentioned MNFC application processes, the 
addition of this biopolymer will be mainly investigated. The addition level of CMC will 
be of special interest in order to be able to eventually evaluate CUITent hypotheses in the 
tield (Charfeddine et al. 2015; Roussière et al. 2014). However, the CMC characteristics 
like molecular weight distribution and degree of substitution will not be changed. 
Additionally, the effect of the charge nature will be investigated by using a cationic- and 
an amphoteric pol ymer as additive. 
3.1.2 Properties and products characterisation 
AlI the components used to manufacture a pigmented/complex MNFC based suspension 
have to be characterised considering the parameters that may influence the overall 
suspension properties. 
The feed or input materials can be characterised individually. Whereas the characterisation 
of pigment partic1es and CMC are weil established and standard procedures exist, the 
characterisation ofMNFC is not yet standardised. Actually, modified standard procedures, 
typically used, e.g. for pulp characterisation, are under evaluation and/or discussion 
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conceming their validity (see chapter 2.4.1). Therefore, conceming the characterisation of 
MNFC, the recornmendation of a recent publication by Kangas et al. (Kangas et al. 2014) 
will here he followed hy assessing a set of key properties of the MNFC suspension that, 
when considered together, provide a relatively complete description of the product under 
investigation. 
3.1.3 Stability and homogeneity assessment 
Rheological measurements provide information about the interactions in complex 
systems. On the one hand, the response of the system to an applied force, typically shear 
force via a shear process, is measured to obtain information on the interaction potentials, 
e.g. strength of interaction or nature of interaction. On the other hand, time dependent 
effects are measured to get information on potential structural changes within the system 
like ordering or structuring and relaxation processes. Depending on the property of 
interest, different rheological measurements may he carried out. 
However, one should keep in mind that rheological properties are but a macroscopic or 
averaged response related to the various components of the investigated system. This 
means that an observed behaviour may have different causes when evaluated or 
considered on the fundamental, localised interaction level. It is therefore important to 
measure different rheological properties that will provide insights to different aspects of 
an overall interaction in order to get a more differentiated and finer analysis, and therefore 
truly understand the fundamentals mechanisms controlling the flow behaviour of 
pigmented MNFC suspensions. 
Furthermore, as pigmented MNFC suspensions are a heterogeneous system, special care 
has to be taken to avoid artefacts in measurements that may arise e.g. due to phase 
separation. Accordingly, an extensive and critical literature review with a focus on 
appropriate measuring conditions for MNFC suspensions will he carried out. 
The main parameters of interest on the suspension stahility will be the dilution, 
respectively the consistency, of the suspension, the degree offihrillation of the MNFC, as 
weIl as the influence of the other components that are the pigment filler and the additive. 
A special focus will not only be placed on the nature and amount of filler pigment and the 
additive, but also on the "addition sequence". The study of the addition sequence is related 
to the potential adsorption of the additive, at least for the CMC (Roussière et al. 2014; Xu 
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2014) onto one or both other components. Indeed, we can surmise a preferential 
adsorption onto one ofboth other components. As a result, the distribution of the additive 
would be different whether it is added to a pre-mixed cellulose and filler suspension or to 
one component first, before the second component is added. Eventually, we hypothesise 
that a changed "additive-distribution" may have an influence on the rheological properties. 
3.2 Refined goal 
Following the initial phase of the work, a thorough literature survey, designed to focus 
more strongly on rheological characterisation of MNFC suspensions, was undertaken. 
Additionally, a good understanding of the different nanocellulose types, as weil as the 
CUITent hypotheses and work in the field of MNFC rheology, had to be established. As a 
pre-requisite for moving forward with the experimental work, adequate experimental 
techniques and parameters have to be defined, and, very importantly, qualified. The core 
of the experimental study was then set to investigate selected aspects of the material 
parameter space of a complex MNFC suspension, using a design of experiments (DoE) 
approach. The ad-hoc defined parameters of interest for this planned investigation were: 
suspension solids content, degree of fibrillation, different additives (anionic, cationic, 
neutral), pigment particles (added and/or coprocessed) and fixation ofpolymers on added 
or coprocessed pigment particles. A schematic summary of the original proposaI can be 
found in Figure 3.1. 
During the initial experimental work, two issues became apparent. 
• The MNFC manufacturing process was not as stable as originally assumed, i.e., 
the process efficiency of the selected manufacturing route ex hi bits very high 
fluctuations between individual batches. As a consequence, two batches of the 
same composition and apparent equal process conditions can be of different 
quality, i.e. DoF (see section 6.1 for more information). So, a comparison between 
a pure MNFC and ones that were coprocessed with pigments and/or additives is 
not possible, as potential differences cannot be distinguished from those 
originating from the variable process efficiency. 
• The selection of adequate rheological measurement conditions and parameters was 
not as straightforward as planned. On the one hand, published work sometimes 
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proposed contradictory setups, or were not fully conclusive. This topic is of special 
importance for complex suspensions like MNFC, because of their susceptibility 
for measurement artefacts leading to misinterpretation of the obtained data. On the 
other hand, a thorough assessment of rheological behaviour of namely MNFC 
suspensions was missing (as opposed to e.g. NFC suspensions). Also, it was found 
that rheological data often were not quantified when reported, or only very few 
properties like storage and loss moduli, and probably yield stress and sorne 
apparent viscosity numbers. This is especially a shortcoming in the case of a 
material that exhibits a very complex rheological behaviour, as a lot of information 
is not provided by just giving a few classically fitted parameters. 
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In the light of the above, this work focuses on the rheological measurement itself, i.e. the 
introduction of new and useful flow curve and viscoelastic data descriptors, and the 
investigation of the influence of different measurement setups of shear rheometers on 
those properties. Due to this aspect, and the limitations caused by the MNFC 
manufacturing process, the original DoE matrix was reduced significantly. Keeping in 
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mind the relevance for industrial manufacturing and application of MNFC products, the 
parameters to be investigated were limited to solids content and DoF of the MNFC 
suspenSlOns. 
3.3 Objectives 
The ultimate goals ofthis work are thus defined to be: 
• Establish a good understanding of the influence of commonly used shear 
rheometer setups and measurement parameters on flow curve and viscoelastic data 
ofMNFC suspensions. 
• Parametrisation and quantification ofrheological data ofMNFC suspensions, with 
a special focus on the complex flow curve behaviour that is typically observed for 
these materials. 
• Investigate the influence of the suspension solids content and the DoF on the 
observable rheological properties. 
• Hypothesise morphological models and interaction mechanisms to explain the 
observed behaviour and test these against existing models. 
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Chapter 4 - Materials and Methods 
As one part of tbis work was to establish a profound understanding of the rheological 
behaviour of MNFC suspensions, the development of reliable rheological measurement 
procedures was crucial (see section 3.2). Despite different procedures having their 
respective advantages or disadvantages or being proven to be more or less prone to side 
effects and erroneous interpretations, it may even be argued that side are an inherent 
component of how a suspension reacts to a shear situation and, as such, are teaching the 
observer sometbing valuable about the material being studied. But in any case, one should 
at least be aware of the potential implications a certain measurement system and condition 
can have on the resulting interpretation. In order to gain this understari.ding, the 
experimental set-up was, and had to be, adjusted several times, and so the whole work has 
been a continued learning process. To visualise this process better, the following sections 
(especially section 4.2.1 and subsections) anticipate sorne of the results and data in the 
publications that follow. 
4.1 Materials 
4.1.1 MNFC 
The foUowing sections describe the general process used to manufacture the MNFC 
suspensions investigated in this work. Please note that the term MFC is used in this section 
as opposed to MNFC. However, this is only to be better in line with the terminology used 
in the later presented articles (Chapter 7 - , Chapter 8 - and Chapter 9 - ); the material is 
still classified as MNFC (see section 1.1 for more information). The specific energy 
consumption numbers and process detai1s only apply to the materials described in the 
above-mentioned articles. The specifics for the MFC suspensions investigated in earlier 
publications are detailed in the respective chapters, yet, the general process was the same 
in aU cases (see, for example, sections 4.1.1.1 or 6.1 for more information). 
The following sections describe the different manufacturing processes to transform a pulp 
suspension in MFC suspensions of different grades (Figure 4.1). 
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Figure 4.1: Photograph of the feed material (eucalyptus pulp), 
medium fibrillated- and highly fibrillated MFC 
suspension (left to right). Ali suspensions are at 2 wt% 
solids content. 
4.1.1.1 Medium DoF MFC 
Bleached eucalyptus pulp was chosen as the feed material for MFC manufacturing. The 
material was available in dry mats and ail used material was from the same baie. So, a 
constant feed material quality is assured throughout this work. A grinding process using 
the Supermasscolloider (Figure 4.2) was chosen for manufacturing the MFC (see 
paragraph 2.2.1.1). The advantage ofthis process is the ability to produce at comparatively 
high solids contents, and the good practical handling at lab scale. Even though described 
in publications frequentIy (Josset et al. 2014; Kangas et al. 2014; Nogi et al. 2009; 
Subramanian et al. 2008), potential practical challenges in the manufacturing process are 
not mentioned. In order to achieve fibrillation at ail, the grinding stones have to be in 
contact (typically reffered as to contact mode, or to have a negative gap setting in 
practice). The suspension is forced through the grinding stones (upper is static, lower is 
rotating, see Figure 4.2) only by centrifugai force, typically in a batch mode. The resulting 
flow- or processing rate is th en a combination of mainly the rpm of the rotating stone, the 
pressure on the stones and the suspension solids content. A typically chosen rotor speed 
is 1 500 min- I (rpm), yet, from own experience, it is believed that lower rotor speeds 
achieve a higher degree of fibrillation per pass (not supported by conclusive data though). 
For the settings chosen by this work, i.e. a gap of -50 /lm (that is rather low pressure, but 
increased the lifetime of the grinding stones significantly) and a solids content of 3 wt%, 
the residual time of the suspension in the feed hopper can be several minutes to hours per 
batch. As the starting material is unrefined pulp at 3 wt%, it has a strong tendency to 
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dewater, i.e. the suspension becomes filtrated in front of the grinding stones. So, if the 
residence time of the suspension in the hopper is too large because of low rpms of the 
rotor, the suspension becomes upconentrated and ultimately will not pass anymore 
through the grinding stones. With an increasing degree of fibrillation, the water holding 
capacity of the pulp/MFC increases (Hii et al. 2012), so the suspension becomes more 
homogeneous, Le. has a lesser tendency to dewater. Taking those effects into account, a 
rather unique process (not reported by anybody el se to my knowledge) was developed that 
ensures practicability, stable runnability, reduced wear of grinding stones and process 
economy (with respect to manufacturing time and energy). In the beginning of the process, 
where dewatering is more severe, the rpm of the rotor is kept high, and then with 
progressing fibrillation and therefore a reduction in the dewatering tendency, the rpms are 
lowered progressively with the amount of passages to increase the fibrillation efficiency 
without risking to upconcentrate the suspension too much. The actual rotational speed 
sequence chosen for this work was 5 passes at 2 500 rpm, followed by two passes for each 
of the following speeds: 2 000, 1 500, 1 000, 750 and 500 rpm. The model used was a 
MKCA 6-2 grinder equipped with type E 46# grinding stones (all from Masuko Sangyo 
Co., Ltd., Japan). 
During the initial phase of the work, it was recognised that the grinding efficiency can 
vary rather significantly, already from one batch to the next (see chapter 6.1 for more 
information on the leaming process). No detailed study was carried out to investigate the 
reason behind this, yet sorne factors that may contribute to this variation may be: changing 
wear status of the grinding stones, no temperature control of the system and the negative 






Photograph of the MKCA 6-2 Supermasscolloider used 
for the MFC manufacturing (left) and a schema tic of the 
grinding stone (grey), feed system (hopper) and outlet 
system (right). 
To have a consistent MFC suspension quality throughout the rest of the work, enough 
material was manufactured to not run out of it during the experimental studies. Therefore, 
5 batches with 10 kg each were manufactured and mixed together after production. The 
final solids content was 3.2 wt%, and the average specific energy input (total electrical 
energy consumption normalised with dry amount MFC) was 7.2 MWht-1. 
4.1.1.2 High DoF MFC (H-MFC) 
To achieve a higher degree of fibrillation MFC (H-MFC), an additional fibrillation process 
was employed to a part of the standard MFC. Here, a homogeniser based process was 
chosen, as it is thought to be a more efficient fibrillation process for higher DoFs. An NS 
2006 L homogeniser (Niro Soavi) with a maximal purnp capacity of 30 dm3h-1 was used 
(Figure 4.3). However, instead of the standard impact plate and ring type of 
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homogenisation chamber, an LPN60 module (Serendip AG, now Netzsch) was mounted. 
The princip le ofthis module is that shear forces are introduced to the suspension in a small 
nozzle, and the generation of a large pressure drop between before and after the nozzle, 
that may lead also to cavitation. The typical operation pressure is 60 MPa, and it is 
achieved by the flow rate, the nozzle diameter and the back pressure that can be applied 
at the material outlet. For this type ofhomogeniser, two nozzle types with diameters of80 
and 120 )..Lm can be used. It is known that homogeniser systems (independent of the 
homogenisation module type) of that size are prone to be clogged by inhomogeneous 
suspensions. It is therefore typical, that suspensions are diluted to very low solids, or to 
pre-refme the suspension in order to reduce the risk of clogging. As one of the goals of 
this work was to investigate MFC suspensions also at increased solids contents, too much 
of a dilution was not a viable option. Also, an additional up-concentration step would have 
added another unknown variable (e.g. by eliminating sorne fibril fractions or induced 
aggregation etc.). Therefore, the medium DoF MFC was subjected to another pass through 
the Supermasscolloider at -80 )..Lm and 500 rpm, and was then diluted to 2 wt%. This 
suspension was then passed through the homogeniser in single passes, for ten passes with 
the 120 )..Lm nozzle and two passes with the 80 )..Lm nozzle. The pump speed was set to the 
maximum (30 dm3h-1) , and the pressure was adjusted to 60 MPa using the back pressure 
screw for all passes. This process (including the additional Supermasscolloider pass) 






Photograph of the homogeniser used to manufacture the 
H-MFC (left) and schema tics ofthe classical impact ring/-
plate homogenisation setup (top right) and the here used 
nozzle setup (bottom right). 
The following sections provide an overview on characterisation techniques used in this 
work and so obtained data. Details on specifie aspects of certain techniques or evaluation 
methods can be found directly in the respective publication sections. 
4.2.1 Rheology 
All the rheological measurements performed in this work were carried out on an MCR 
300 shear-rheometer from Anton Paar (Figure 4.4). A temperature controlled mount (TEZ 
I50P) is installed to house the different Couette-type measurement systems cups. The 
temperature control consists of a built in Peltier element for heating and a constant cooling 
loop, realised by an external thermostat (ministate 230, Huber). AH the experiments were 
carried out at 20 (±0.1) oC, whereas the external thermostat set temperature was fixed at 
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15 oc. Please note that only the cup temperature is actively controlled and maintained, not 
the bob. Due to the relatively large amount of sample volume (compared, for example, to 
plate or cone setups) and the low measurement temperature, no special precautions were 
taken to reduce or prevent water evaporation from the measured suspension. 
Figure 4.4: Photograph ofthe used MCR 300 rheometer (left) and the 
vane with serrated cup (top right) and the smooth CC27 
(bottom right) measurement setup. 
The selection of different measurement setups was limited to Couette-type systems 
(cylinder- or vane in cup). On the one hand, those set-ups have practical advantages 
compared to e.g. cone-plate or plate-plate systems, like lesser tendency for solvent 
evaporation and no issues with sample spillage for 10w viscosity materials and/or high 
shear rates (Mezger 2014). On the other hand, several researchers (Naderi and Lindstr6m 
2015; Nazari et al. 2016; Saarinen et al. 2009) have recommended the use of Couette type 
setups, as they have shown that cone-plate and plate-plate may promote (additional) 
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nonlinear effects in MFC suspension, leading to potential measurement artefacts. Details 
in the used measurement system components can be found in Table 4.1 or in the respective 
publications. AU of the systems were used as supplied by Anton Paar, except for the 
roughened CC27 cup and bob. As described in section 7.4 .3, a 1 OO-grit abrasive sandpaper 
was used to roughen the surface of a smooth CC27 system. However, the roughening 
procedure lead to a wavy (circumferential grooves), rather than a randomly rough surface 
(Figure 4.5). The calculated waviness was 1.8 ± 0.3 /lm. 
Figure 4.5: 
o <> o <> 
Confocal laser scanning microscopy images of a smooth 
(left) and roughened (right) CC27 bob. 
The reason for using different measurement geometries, and comparing rheological 
properties that were measured with those different geometries, was the topic of the article 
presented in Chapter 7 - . 
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Table 4.1: Details of measurement system components used in this 
work. *Inner diameter for cups, outer diameter for bobs. 
System Diameter 
Condition Type Abbreviation 
element (mm)* 
Cup Smooth CC27 28.92 CC27 
Bob Smooth CC27 26.66 CC27 
Cup Roughened CC27 28.92 RR 
Bob Roughened CC27 26.66 RR 
Cup Smooth CCl7 18 .08 CC17 
Bob Smooth CC17 16.66 CCl7 
Serrated (length CC27-SS-
Serrated Cup 28 .88 S 
profiled) P 
Vane 6-bladed ST-6V-16 22 V 
4.2.1.1 Sam pie preparation 
Respective amounts ofpulp, MFC or H-MFC (and mixtures thereof) were diluted to the 
desired solids content (typically 0.5, l , 1.5 and 2 wt%, but also 0.1 and 3 wt%) by adding 
tap water and a thorough mixing procedure. First, the diluted suspensions were treated 
with a rotor stator mixer (Polytron PT 3000, Kinematica) at 12 000 min-l for 2 minutes 
and put into an ultrasonication bath for 5 minutes. The suspensions were then let to rest 
for at least one ho ur before being measured. Directly before loading it to the measurement 
cell, the suspensions were shaken by hand. To ensure a thorough dispersion of aIl dilutions 
made from the stock MFC suspensions, the size per batch of a dilution was lirnited, mainly 
due to the size of the available rotor stator mixer. Typically, 250 or 500 cm3 plastic bottles 
were used and filled with 230, respectively 450 g of final suspension. 
4.2.1.2 Viscoelasticity 
As explained in section 2.4.2.4, oscillation experiments can be carried out to investigate a 
material ' s viscoelastic behaviour. The material ' s response to an oscillating movement is 
measured, typically either fixing the oscillation frequency and changing the amplitude, or 
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vice versa. In this work, the behaviour in dependence of strain, respectively stress was of 
interest, therefore, amplitude sweeps were performed. A frequency sweep was still 
performed, in order to define a suitable frequency for the amplitude sweep. A 1 wt% MFC 
suspension was measured with a CC27 setup, at a fixed amplitude of 0.1 % and by 50 10g-
equidistantly distributed point measurements (automated acquisition time) from 0.01 to 
100 Hz. Figure 4.6 shows the storage-, loss modulus as well as the phase angle in 
dependence of the angular frequency. Please note that the x-axis is not in Hz, as the setting 
indicated above, but is presented like this for a better comparability with data from other 
work. It is apparent, that the storage modulus is increasing with the oscillation frequency 
whereas the loss modulus goes through a small local minimum before increasing again. 
This behaviour is typical and well reported by others (Charani et al. 2013; Taheri and 
Samyn 2016; Veen et al. 2015). The phase angle is rather stable in an extended frequency 
range, and so the frequency for amplitude sweep measurements was chosen to be about in 
the middle ofthis plateau (dotted line at 0.5 Hz, or 0.314 rads- I ) . No further measurements 
at, for example, different solids contents and MFC types were carried out because the data 
of others (Charani et al. 2013; Taheri and Samyn 2016; Veen et al. 2015) indicate no 
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Storage (full circles) and loss modulus (hollow circles) 
data, as weIl as phase angle (full triangles) data of a 
frequency sweep experiment of a 1 wt% MFC suspension, 
measured with a CC27 geometry. 
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The general settings for amplitude sweep measurements was set to be 0.5 Hz, 60 log-
equidistantly distributed amplitude values between 0.001 and 1 000 % with automated 
acquisition time mode and amplitude control (as opposed to shear stress control). Typical 
examples of amplitude sweep graphs are given in Figure 4.7 (1 wt% H-MFC suspension 
measured with VS system). In order to be able to quantitatively compare such data, 
properties and characteristic numbers have to be extracted. Details on these procedures 
are described in section 7.4.3 . But in short, the maximal storage (G'max) and linear loss 
modulus (G" lin), the minimal phase angle (bmin), the yield stress (ry) and the limit of 
linearity (LoL) were ca1culated. Both moduli properties (and therefore also the phase 
angle) describe the material behavior in the quasi linear viscoelastic regime, where the 
elastic part of the structure predominantly remains intact. The yield stress and the limit of 
linearity describe the onset of the structure breakdown, in terms of strain and stress 
respectively. Traditionally, those properties are derived from the onset of the decrease in 
the storage (=elastic) modulus of a material. However, in this work, the shear stress and 
the LoL were derived from the phase angle data to also take into account the inherent 
viscous behavior of MFC suspensions. In this work, the yield point was defllled to be 
where the phase angle exceeded the minimal phase angle by 5 %, being a modified 
approach compared to the one used by (Moberg and Rigdahl 2012) where the LoL was 
defined as 90 % of the maximal storage modulus. The shear stress at the yield point was 
defined as the apparent yield stress, and the corresponding deformation to be the LoL. 
More detailed explanations on the viscoelastic properties can be found in section 7.4.3 . 
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Storage-(full circles) and loss modulus (hollow circles) 
data (top and bottom left graphs) and phase angle data 
(top right graph) of a 1 wt% H-MFC suspension, 
measured with a VS geometry. The red points mark 
G'max, (top left) respectively bmin (top right), and the 
orange triangles mark the yield points (95 % of G' max, or 
105 % of bmin). The bottom left graph shows the loss 
modulus only for better visibility, including the fit of the 
apparent linear region to determine G"lin. 
4.2.1.3 Flow curves 
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This section gives a brief overview on the complex flow curves typicaBy measured for 
MFC suspensions and serves as a basis to explain the measurement settings that were 
chosen in this work. AIso, the different flow curve properties and characteristics that help 
quantify the flow curve data are explained briefly. A detailed discussion of aB the ab ove-
mentioned topics can be found in the respective articles (Chapter 7 - and Chapter 8 - ). 
In the beginning ofthis work, flow curves were measured with 30 equidistantly distributed 
points between 0 (effectively 0.1) and 1 000 S-I, directly foBowed by the same sweep in 
reversed order (1 000 to 0.1 S- I) with a fixed acquisition time of lOs per point. A pre-
shearing and rest interval were part of the procedure, as weB as the repetition of the shear 
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rate sweep for a total ofthree times (details in section 5.4.1.5). However, after sorne more 
experimental work, and considering procedures described in the literature, the 
experimental conditions were changed. To begin with, the shear rate profile was changed 
to a log-equidistant distribution. The reason for this is well visualised in Figure 4.8, where 
a typical flow curve of a 1 wt% MFC suspension is shown (measured with a CC27 
system). The triangles show the data that was obtained using a linear shear rate profile 
(data taken from Chapter 5 - ) and the circles show data from a log-distributed profile 
(data taken from Chapter 7 - ). The general offset between the two curves is most probably 
caused because the MFC was from two different batches (see section 4.1.1.1 for 
explanation). Otherwise, the trends are very alike. Yet, the assessment of the low to 
medium shear rate range (0.01 to 100 S-I) reveals a behaviour that is overlooked 
completely by using the linear profile. So, it was rather obvious to change to the log 
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Coinparison of flow curves obtained by different 
measurement protocols, i.e. log distributed shear rates 
(blue circles) and Iinearly distributed shear rates (orange 
triangles). The hollow circles indicate the transition 
region, only visualised by the log distributed shear rate 
protocol. 
Details on the hypothesis of the morphologie al model for this three-zone behaviour can 
be found in Chapter 7 - , but in short, an aggregation ofthe MFC fibrils and formation of 
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water rich voids is likely to happen in the transition zone. By monitoring the viscosity 
acquisition times as defined by the software (upon reaching a stable viscosity value), it is 
apparently possible to visualise tbis transformation very well (Figure 4.9). The apparent 
start and end of the transition zone is sometimes shifted a bit compared to the indication 
from the acquisition time data (e.g. weil visible in Figure 4.9 on the right graphs for the 
end of the transition). But in all cases, the acquisition time data is more conservative, 
compared to the apparent limits (Le. indicates a lower shear rate for the start of the 
transition and a higher shear rate for the end of the transition). But it was also found, that 
the fit correlations for the two power law regions were typically better if done up to or 
from the shear rates indicated by the acquisition time data (see later or Chapter 7 - ). 
Otherwise, this changed acquisition time setting does not seem to have any other impact 
on the flow curve (more information can be found in Chapter 6 - ). So, the usefulness of 
the se additional data has been shown, and therefore the automated acquisition time setting 
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Figure 4.9: 
Shear rate (5-1) Shear rate (5-1 ) 
Stacked diagram of acquisition time and viscosity data in 
dependence of shear rate for a 1 wt% MFC suspension 
measured with the CC27 (Ieft) and VS system (right). 
Blue circle points are from the shear rate increasing 
sweep and hollow orange square points are from the 
shear rate decreasing sweep. The red da shed tines 
indicate the shear rates before and after the transition as 
identified by the acquisition time data. 
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On the basis offlow curves looking like the ones presented in Figure 4.9 or, for example, 
Figure 7.15, they were divided in three regions, i.e. two power law following, apparent 
shear thinning zones 1 and 2, divided by the transition region. Each region is described by 
different properties and descriptors. This enables a quantitative comparison of different 
flow curves. Zone 1 and 2 (Figure 7.2) are described by their power law coefficients, i.e. 
the consistency coefficient (K) and the flow index (n) , a characteristic viscosity that is 
calculated from those parameters at ad hoc defined shear rates (1]0 .02 in zone 1 at 0.02 S-1 
and 1'/100 in zone 2 at 100 S-I) and fmally the end of zone 1 and the start of zone 2. The 
consistency coefficient describes the ove ra 11 viscosity level and the flow index the shear 
thinning behaviour. Technically, the calculated viscosity values at 0.02 and 100 S-1 do not 
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add any additional information, however, MFC suspensions are frequently characterised 
by specific viscosity values, and so a certain, limited comparability is provided. 
The transition region is of course already defrned by the end of zone 1 and the start of 
zone 2, but in addition the local viscosity minimum is described in terms of depths and 
position. As mentioned earlier in this section, the transition zone is believed to be a 
formation of fibril aggregates and water rich voids. So, the depths can probably be linked 
to the extent that the suspension fibrils aggregate, respectively to how much water can be 
released and how weIl the aggregates can be surrounded thereby. 
4.2.2 Data treatment and presentation 
4.2.2.1 Data treatment 
If not mentioned otherwise, ail data presented in this work is based on triplicate 
measurements. Every single measurement within a triplicate was a new filling from a 
respective dilution makedown, as opposed to, for example, measuring one filling three 
times. This was done to avoid measuring a suspension that may have had a persisting 
changed morphology from a preceding measurement. As indicated in the sample 
preparation section (4.2.1.1), the amount of a given dilution that was made down from the 
stock MFC suspensions was limited, so typically several makedowns of a given dilution 
were necessary to carry out aIl rheological measurements. ln the study presented in 
Chapter 8 - , this was ev en done intentionally, i.e. three separate makedowns for each 
tested dilution were made, and each makedown was measured three times. Additional 
control measurements were performed regularly, to ensure comparability between 
individual makedowns of a given mixture and solids content. Such measurements also 
confirmed that the MFC stock suspensions didn 't change over time. Details of every single 
filling and makedown that was measured are recorded in respective protocols. 
Except for the study presented in Chapter 8 - , the three individual measurements of a 
triplicate were first combined into one curve, i.e. the data of the three measurements at 
each shear rate, respectively amplitude was averaged to get one average set of data for the 
trip li ca te. This was then used to carry out the property detennination described in the 
preceding sections. 
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As explained earlier, zone 1 and 2 were described i.a. by a power law describing the 
relationship between viscosity and shear rate, according to 
." = Kyn- l 
Equation 4.1 
with." being the viscosity, K the consistency coefficient, y the shear rate and n the flow 
index (further details can be found in section 7.4.3). Origin 2017 software was used to 
automatically fit the data (viscosity depending on shear rate). No weighting or parameter 
restrictions were applied. Generally, the datapoints that were used for the fit were selected 
using the information from the automated acquisition time data. Fits were only performed 
if at least 3 datapoints were available. 
For certain data sets, statistical methods were employed to determine whether datasets 
were significantly different from each other or not. To do this, ANOV A (analysis of 
variance) tests were performed. Again, an automated method in the Origin 2017 software 
was used. As this test is intended only for normally distributed data, a built-in normality 
test (Shapiro-Wilk, a = 0.05) was performed first. The ANOVA test probes the null 
hypothesis Ho, that is that ail means are the same at a chosen significance level a (that 
was 0.05 in ail tests in this work). The significance level is the chance, that the test results 
in dec1ining Ho, even though it would be true. In sorne cases, also the test power fJ was 
evaluated, which is the likelihood that the test correctly rejects Ho. Finally, also the 
strength of effect was determined by the software. Those additional parameters help to 
interpret the ANOVA test results as they are ratings for the reliability and "robustness" 
(in addition to a). If the software identified significant differences in a dataset, also a pair 
wise test was performed (Tukey test, a = 0.05) to identify the different mean-pairs. 
Sorne data obtained in this work was non-continuous, and so the ANOVA test should not 
be used. In this case, a non-parametric test was used instead (Kruskal-Wallis) . The test 
was performed using Excel software, following the procedures described in (Chan and 
Walmsley 1997). More details on the statistical tests can be found specifically in Chapter 
8 - . 
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4.2.2.2 Introduction to ternary diagrams 
The extensive study on the influence of the DoF ofMFC suspensions on their rheological 
properties (pub li shed in the article presented in Chapter 9 - ) consisted also of binary and 
ternary mixtures of pulp, MFC and H-MFC suspensions. The total suspension solids 
content was kept at 0.5, 1, 1.5 and 2 wt% respectively, and the relative amounts of the 
single components were varied. Figure 4.10 shows the full matrix of mixtures that were 
manufactured at a given solids (blue circles), and the additional mixtures at 1.5 wt% (red 
triangles). Please note, that for solids below 2 wt%, several mixtures with a high pulp 
share were not manufactured or measured because of strong sedimentation that would 
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Figure 4.10: Ternary diagram of the planned mixtures for each of the 
total suspension solids contents (0.5, 1, 1.5 and 2 wt%) 
(blue circles) and the additional mixtures for 1.5 wt% 
total suspension solids content. Please note, that not ail of 
these mixtures were realised in the actual study 
(especially for increasing pulp shares at decreasing solids 
content). 
The concept of ternary diagrams may not be familiar to everyone, so this short 
introduction should help to understand them. Ternary mixture diagrams are used to 
visualise mixtures consisting of up to three components, whereas the sum of all three 
components has to be 100 % (or 1 when talking in terms of shares). So, this concept only 
71 
works when the total composition is the same for ail mixtures displayed (in terms of, for 
example, volume, weight or number). In this work, and this particular experimental study, 
the mixtures were grouped in different solids content. So, aIl mixtures having the same 
solids content can be visualised in one temary diagram. The property of interest can then 
be visualised for example as (colour) contour plot (like contour lines on a geographical 
map) or as a 3D plot with having the property as the z (height) value. 
The general read out of such diagrams in terrns of mixture composition is indicated in the 
left graph in Figure 4.11 . Each vertex of the triangle represents 100 % of one component, 
and becomes less along the median until this component reached 0% at the opposing side. 
Note that constant shares of a component are lines that are parallel to their 0 wt% side 
(that is the side to the right of the respective component's scale side). In practice, the 
composition at a given point in the temary diagram can be read out by drawing lines that 
are intersecting the point and parallel to the left side of the component of interest, as 
indicated in the right graph of Figure 4.11 . Please note, that, if the scales are reversed (100 
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Figure 4.11: Example ternary diagrams with indications of general 
composition trends (Ieft) and an example composition 
(30% MFC, 50% H-MFC and 20% pulp) with a visual 
read out guide. 
Figure 4.12 shows sorne examples of how a fmal ternary contour plot cou Id like for an 
arbitrary property, displayed as col or contour profile in dependence of the mixture 
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composition. In this case, purple represents low values and red high values, following a 
rainbow scale. The solid lines within the plot are contour lines (lines of equal property 
values) and act only as additional visual guidelines. Those contour plots, or 3D versions 
ofthem can be used to qualitatively identify general trends. For instance, the left graph in 
Figure 4.12 indicates, that the property is only.depending on the pulp share, i.e. decreases 
with increasing pulp share. This is apparent, because the contour lines foUow the grid lines 
for constant pulp shares (left graph of Figure 4.11). In the case of the middle graph in 
Figure 4.12, aU components seem to contribute to the property, yet still it appears that pulp 
is the weakest and H-MFC is the strongest contributor to the property. The overaU trend 
in the rigbt graph of Figure 4.12 is the same, yet, as the contour lines are closer to the grid 
lines for a constant H-MFC share, it can be assumed, that the H-MFC defines the property 
more strongly than the other components. AIso, the shape and distance between contour 
lines can provide additional, qualitative information on potential trends. 
0 20 4060 80 
MFC share (wt'fo) 
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MFC share (wt'fo) 
20 40 60 80 
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Figure 4.12: Example ternary contour plots with simulated property 
data. The linear scale is arbitrary, only indicating 
property values from low to high (purple to red), 
visualising different model trends. Left graph: property 
is only depending on pulp share (decreasing with 
increasing pulp share), middle graph: property is 
depending on ail component shares, right graph: like 
middle graph, but the H-MFC share dependency is 
stronger compared to the other ones. 
4.2.3 Particle size distribution analysis 
Based on the argumentation provided in section 2.4.2.3 , image analysis of optical and 
scanning electron micrographs was investigated to obtain a fibre/fibril width distribution. 
However, various attempts have failed, either because the images were not suitable for 
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Image analysis, or the obtained fibril width distributions were apparently not 
representative. A detailed explanation can be found in the supporting information of 
Chapter 9 - . 
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Chapter 5 - Article 1: Rheological investigation of complex 
micro and nanofibrillated cellulose (MNFC) suspensions: 
discussion of flow curves and gel stability 
Published article. 
Michel Schenker, Joachim Schoelkopf, Patrice Mangin, Patrick Gane; Tappi Journal; 
2016; 15(6); 405-416 
5.1 Foreword 
This article published the initial experimental work of this thesis. The aim of this part of 
the work was to explore the relevant boundary conditions of the material space parameters 
(section 3.1.1). The focus of the work was, therefore, put on measuring rheological 
properties of MNFC suspensions with changing the following parameters: solids content 
of the MNFC, degree of fibrillation, pigment to MNFC ratio and the influence of addition 
ofCMC. FinaUy, also the effect of fixing the CMC on a pigment was investigated, as weU 
as the effect ofreducing the charge ofsuch a CMC coated pigment. As will be shown in 
the following sections, this initial work enabled the creation of a hypothesis regarding the 
suspension morphologies depending on the different suspension composition parameters 
as well as on the shear condition. Tt was based and critically discussed with view on other 
researcher' s work and hypotheses in the field ofrheology ofnanocelluloses. 
5.2 Abstract 
Micro and nanofibrillated cellulose in aqueous suspension presents many challenges when 
considering its use, for example, in forming nanocomposites. The inclusion of fiUer 
particles either as extender or as functional additive allows the range of strength and 
deformation properties to be extended. These properties, however, are linked in many 
cases to the rheological properties of the raw material mix. Interactions under dynamic 
shear or under controlled stress at low amplitude reveal the potential to generate functional 
interactions, not only between the cellulose components themselves but also between the 
cellulose, polymer additives, as well as surface modified pigment fillers . Examples are 
given demonstrating the action of adding cellulosic polymer in the form of carboxymethyl 
cellulose (CMC) to micro nanofibrillated cellulose (MNFC). Rheological studies show 
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how these combinations with CMC, added either in free form or preadsorbed onto calcium 
carbonate filler partic1es, leads to a variety of responses. Dispersability of the MNFC is 
increased by the use of free CMC polymer addition, and the usually expected flocculating 
action on added filler is seen not to occur. Alternatively, the preadsorbed CMC on the 
calcium carbonate pigment fi 11er leads to an interaction between the fibriIlar cellulose and 
the surface modified calcium carbonate pigment filler, to which incorporation of cationic 
polymer leads to a reduction of interaction, provided the addition level does not exceed 
the isoelectric point of the mix. The observations are viewed in the context of a 
combination of proposed physical contact dynamics in the form of disordered and ordered 
alignrnent. 
5.2.1 Keywords 
Micro- nanofibrillated cellulose, MNFC, rheology, flow curve, phase angle, pigment 
fillers, carboxymethyl cellulose 
5.3 Introduction 
Micro and nanofibrillated cellulose (MNFC) materials are very interesting for many 
different applications in various fields l due to their excellent mechanical and barrier 
properties2. Even though these materials were reported aIready quite some time ago by 
Turbak, Snyder and Sandberg3, already pointing out the material' s great potential in 
various applications, there are not yet weIl established, large, full scale applications of it. 
On the one hand, the originally very high energy consumption of the manufacturing 
process was a hindering factor to produce a cost efficient product. Intensive work has been 
carried out to overcome this hurdle, using different approaches like applying enzymatic40r 
chemical pretreatrnents5, using alternative pulp sources6-8 or introducing grinding aids in 
the mechanical breakdown process9• JO . These efforts led to the set-up of numerous pilot 
and (pre) commercial manufacturing plants for different kinds ofMNFC products. On the 
other hand, the application of MNFC products in various applications remains 
challenging, especially on the large (indus trial) scale where also economic factors come 
into play. One of the key factors that makes an application of MNFC in production 
challenging is the high water content and the strong associated interaction with water. In 
addition to the challenge ofwater removal, MNFC suspensions also show a complex, non-
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Newtonian rheological behavior over a large span of shear rate- and time scales II . The 
investigation of MNFC suspension rheology, and the influence of different material 
parameters on it, has, amongst others, two main benefits. Firstly, one is prepared for 
problems that may arise in large scale applications where different kinds of shear forces 
and shear rates may be introduced in MNFC, and MNFC containing, suspensions. 
Secondly, rheology allows the observer to hypothesise models describing the structure 
and interactions within MNFC suspensions, and subsequently to test these hypotheses 
accordingly. This in turn can be used, for instance, to predict potential shear force assisted 
dewateringl2• 13 . This work investigates the influence ofbasic MNFC material parameters 
on the respective suspension rheological behavior, and thus set out to explain the effects 
seen using initially already proposed models by other reserachers l4, 15 and then extending 
them suitably for application to as yet novel unreported effects. 
A special focus is placed here on the effect of CMC and pigment particle addition on 
MNFC suspension rheology. A dry ground, chemical-free calcium carbonate was used as 
reference pigment particle filler. Furthermore, special surface modified pigment particle 
fillers , so-called pigment hydrocolloid hybrid pigments, were used as co-additives. CMC, 
and optionally additional polyDADMAC, is adsorbed on the pigment particle surface to 
form the pigment filler hydrocolloid hybrid. This localisation of CMC (and additional 
polyDADMAC) leads to previously unreported rheological changes in the MNFC 
suspension response, which in tum correlate with increased pigment filler-MNFC 
nanocomposite strength, previously reported in earlier work by the same authors9. 
5.4 Experimental 
5.4.1 Materials 
5.4.1.1 Preparation of the Fil/ers 
Two different types of pigment particle fillers were used, standard pigment filler and 
functional pigment filler, respectively: a fine, dry ground dispersant free calcium 
carbonate ofmarble source (fGCC), and functional surface modified calcium carbonate in 
the form of so-called filler pigment hydrocolloid hybrid (PH CH) in slurry suspension. The 
PH CH pigments are formed from dispersant free calcium carbonate, also of marble source, 
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that is surface modified by wet co-processing with 1.5 w/w% (based on dry pigment) 
carboxymethyl cellulose (CMC), either alone (PHCHa) or in the combination with 0.6 
w/w% cationic polyDADMAC (PHCHb). To exclude potential filler particle size 
distribution (PSD) related effects on the composite suspension rheology, the particle size 
distribution (PSD) of the two fiUer types was carefully controlled to be closely similar 
(±GCC: volume based d 50 of 1.7 !lm, PHCHa and b: volume based d 50 of 1.8 !lm, measured 
bya static laser diffraction method, using a Mastersizer 2000 (Malvem Instruments Ltd. , 
England». 
The CMC used had a degree of substitution of 0.8 and a molecular weight Mw of 60 kgmol-
1 (Finnfix 10, CP Kelco, Finland) and the used polyDADMAC was Catiofast BP (BASF, 
Germany). 
Surface charge of the pigments, manifest in the form of the zeta potential, was measured 
with a Zetasizer Nano ZS (Malvem Instruments Ltd., England) at 25 oC and a 0.1 w/w% 
solids content, using deionised water in a 10 mM NaCI salt solution for dilution. Three 
measurement mns were performed per sample with an automated determination of single 
point measurements per run using the Smoluchowski approximation to convert the 
electrophoretic mobility into zeta potential. The zeta potential for fGCC was -8.2 ±0.9 
m V, for PHCHa -33.7 ±1.6 m V and for PHCHb -25.2 ±O.8 m V. 
5.4.1.2 Preparation of MNFC 
Bleached eucalyptus pulp from a Swiss paper mill site (ex Sappi Biberist fine paper) in 
the form of once-dried mats was used as the cellulose basis material for aIl micro 
nanofibriUated (MNFC) products. Pulp lumps were mixed with tap water (45 ° tH) using 
a stirrer with a dissolver disc type of rotor for about 1 hour to have a pulp suspension of 3 
w/w% consistency. This suspension was then run through an ultrafine friction 
Supermasscolloider MKCA 6-2 grinder equipped with type E 46# grinding stones 
(Masuko Sangyo Co., Ltd., Japan) at a contact/gap setting of "-50 !lm" in single passes. 
The following rotational speed sequence was used for the standard MNFC: 5 passes at 2 
500 rpm, followed by two passes for each of the following speeds: 2 000, 1 500, 1 000, 
750 and 500 rpm. Two additional passes at 500 rpm were conducted for a further "17 
pass" MNFC and a contact/gap setting of "-80 !lm" with the standard rotational speed 
sequence form an "intensive treatment" MNFC. 
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It should be pointed out that the wear condition of the grinding stones of the ultrafine 
friction grinder can have a significant influence on the grinding efficiency. As a 
consequence, samples produced by the same procedure at different total operation times 
of the grinding stones may not be of the same degree of fibrillation. It is therefore 
important only to compare samples within a single manufacturing series, or samples from 
close manufacturing series, to ensure comparability. In tbis manner, relative comparison 
studies are still possible. 
5.4.1.3 MNFC morphology 
In order to assess the network structure of the fibrils in suspension, scanning electron 
microscopie (SEM) images of freeze dried MNFC suspensions were taken. The MNFC 
suspension was diluted to 0.5 w/w% using tap water and followed by rotor stator mixing 
(Polytron PT 3000, Kinematica AG, Switzerland) for 5 minutes. The suspension was then 
frozen by immersing it in liquid nitrogen and freeze dried (Alpha 1-2 LD Freeze Dryer, 
Martin Christ Gefriertrocknungsanlagen GmbH, Germany). A small piece was tom out of 
the dried structure and mounted on a support to be able to image the internai MNFC 
structure. The sample was sputtered with 50 nrn go Id before imaging using a LEO 435 
VPi SEM (LEO Electron Microscopy Ltd, Cambridge, UK). Another sample was prepared 
where 5 w/w% (based on the cellulose dry content) CMC was added as 4 w/w% 
suspension (in tap water) to the MNFC suspension before dilution. The sample preparation 
otherwise was the same as described before. 
5.4.1.4 Composite suspension preparation 
The chosen amounts of additive components were added to the MNFC suspension, i.e. 
pigments as they were produced, freely added CMC as 4 w/w% solution in tap water and 
subsequently diluted further to the target solids content, defined in relation to the cellulose 
fraction only. The pigment ratios are thus based on the total dry amount of cellulose and 
pigment, and the CMC ratios are based on the addition in relation to cellulose dry amount 
only. For example, a sample at 2 w/w% dilution with 50 w/w% fGCC and 2 w/w% CMC 
is described as having the components added to 100 g of MNFC suspension, itself 
consisting of 2 g cellulose in 98 g water, in weight proportions of 2 g fGCC and 0.04 g 
CMC. This gives a total weight of 102.04 g, with a total solids content of3.96 w/w%, but 
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a cellulose based solids content of2 w/w% (2 g cellulose and 98 g water). This definition 
is chosen in order to keep the cellulose to water ratio constant throughout all samples, as 
the rheological behavior ofMNFC suspensions is strongly depending on this ratio and the 
impact of adding the other components is then studied at constant MNFC levels. The 
additives al one do not exhibit a characteristic rheological behavior at such low relative 
ratios to water content. The samples then were stirred thoroughly using a stirrer with a 
dissolver disk type rotor at 750 min-1 for about 30 minutes. 
5.4.1.5 Rheology measurements 
Ali the rheological measurements were performed on an MCR 300 rheometer (Anton Paar 
GmbH, Austria) with a CC27 cylinder and cup geometry at 20 oC. This measurement set-
up was recommended by Saarinen et al.16• They also point out that wall slip (sometimes 
also referred to as lubrication flow) , although likely to occur, will not dominate the 
rheological measurements. This statement requires qualification in practice as the 
colloidal stability of the mix certainly plays a dominating role, and can lead to phase 
separation with significant build-up ofwater at the boundary interface. However, as long 
as the system is continualiy sheared beyond the yield stress, the claim of Saarinen et al.16 
can be supported. Although serrated surfaces in plate-plate geometry are frequently used 
to overcome wall-slip, they have been avoided here as they create non laminar flow close 
to the boundaryl7. The sample material was shaken before it was loaded to the 
measurement cell to avoid interim sedimentation of the suspension. In order to have the 
same shear-history for aU the samples, a pre-conditioning was also performed before ail 
measurements consisting of2 minutes at 50 S- l shear rate (rotation), followed by 5 minutes 
rest. 
Flow curves of viscosity dependence on shear rate were obtained by perforrning a shear 
rate increase ramp (0 to 1 000 S- I with 30 viscosity point measurements with lOs per point 
measurement), followed by a shear rate decrease ramp (1 000 to 0 S- l with 30 viscosity 
point measurements at 10 s per point measurement). After 2 minutes rest, the same profile 
was applied again. In total three of these programs were applied, and the data of the two 
last shear rate increase ramps and ail three decrease ramps were averaged to give the data 
for the ramp up and ramp down, respectively. 
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The flow curves pro vide information on the dynamic interaction of the suspension system 
as the structure is constantly in relative movement. Typically, strongly interacting systems 
inc1uding entanglements and attractive interactions exhibit higher viscosities due to the 
hindrance of relative movement of the involved entities. Systems having weak interactions 
or a collapsed structure typically exhibit low viscosities. Furthermore, systems with highly 
charged entities show low viscosities. The measurement of the viscosity as a function of 
decreasing shear rate gives further indicative information about the time dependence of 
recovery after a potential structural change. 
In addition to dynamic shear, an oscillatory experiment was performed by fixing the 
frequency at 0.5 Hz and changing the oscillation amplitude (amplitude sweep). This was 
do ne by changing the response stress to the applied strain within the controlled region 
from 0.1 to 100 Pa with 50 point measurements made once a stable value reading was 
attained, followed by a controlled stress decrease ramp from 100 to 0.1 Pa, also with 50 
point measurements. 
The phase angle {j was chosen to be evaluated in more detail as it contains information on 
the relative effects of the elastic and gel-like structure and the viscous behavior of a 
viscoelastic material, as well as on the eventual breakdown of the gel-structure: 
G" 
{j = tan- l -G' Equation 5.1 
with G" being the VlSCOUS loss modulus and G ' being the elastic storage modulus, 
respectively. The advantage of using the phase angle is that it is a relative, normalised 
parameter compared with the absolute values of the moduli. The point of equality between 
the storage and loss moduli sometimes is referred to as the flow point l ? and can easily be 
read out at 15 = 45°. An amplitude sweep measurement can thus give a deeper insight into 
the ratio of the potential change from an elastic solid to a viscous liquid as a function of 
deformation leading to the resulting stress. It is recalled that, up to the point where the 
solid-like structure (also often referred to as gel structure) is broken down, the 
predominant interaction is of an elastic nature, i.e. existing bonds in the form of potential 
energy wells are not broken, so one can refer to it as a "static" structure, which can be 
contrasted to the purely dynamic situation in a flow curve experiment. 
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5.5 Results and Discussion 
5.5.1 MNFC morphology 
As can be seen in the SEM images in Figure 5.1 a and b, the MNFC material is an entangled 
network of fibrils of different diameters. Whereas sorne individual fibrils of only sorne 
nanometers diameter can be seen, aiso larger fibrils and fibril aggregates are present. The 
overall network of the MNFC suspension (Figure 5.1) appears not to be completely 
homogeneous, as areas ofhigher and lower fibril density can be identified. The dispersing 
effect of CMC on MNFC fibrils and the resulting change of the suspension network are 
obvious when comparing Figure 5.1c and Figure 5.1a. 
100x 30 kV la mm 
Figure 5.1: 
m<1 U5e76 f- 200 ~m~ 
SEM images offreeze dried MNFC suspension (a, b) and 
MNFC + 5 w/w% CMC suspension (c). 
5.5.2 Influence of solids content on MNFC rheology 
Figure 5.2 shows the flow curves of the pure MNFC suspensions at different solids 
contents and of the tap water that was used to make the according dilutions. The well-
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known shear thinning behavior of the MNFC suspensions3, II , 18, 19 as well as the overall 
reduction ofviscosity with decreasing solids contentll , 19 are apparent. It also can be seen 
that if the dilution becomes too great, that the MNFC suspension exhibits the viscosity of 
water, indicating the loss of interaction between MNFC entities. Furthermore, one can 
clearly see the hysteresis between the shear rate increase and decrease ramps for the 
dilutions greater than 0.5 w/w%. This was also reported by Iotti et al. Il . However, by 
comparing the hysteresis of the 1 w/w% dilution with the ones from the 2 and 3 w/w% 
dilutions, a reverse of the hysteresis can be seen that was not reported by Jotti et al. II . 
There also seems to be a trend that the hysteresis area becomes larger for higher solids 
contents, starting at 2 w/w%. 
We hypothesise that shear leads to a structural change in the MNFC suspension with the 
two extreme conformations indicated in Figure 5.3 as highly entangled (low shear, Figure 
5.1 a) and highly oriented (high shear), and that these structures need a minimal recovery 
time, which is at least larger than the acquisition time for one measurement point, as also 
seen by Iotti et al. I I . In this way, we can interpret the predominant conformation in the 
shear rate increasing ramp as being the entangled one, whereas in the shear rate decreasing 
ramp it is the highly oriented one. In a more diluted system (low solids content (s.c.)), the 
high shear conformation leads to an overall reduced interaction, leading to a lower 
viscosity in the shear rate decreasing ramp at a given shear rate value. In the case of a less 
diluted system (high s.c.), however, the high shear conformation leads to an overall 
stronger interaction related to re-entanglement similarly compared with the low shear 
conformation, and therefore exhibits higher viscosity values at a given shear rate in the 
shear rate decreasing ramp. This model is generally in agreement with the one proposed 
by Horvath and Lindstrom l4, and so their model can be used to identify the nature ofthe 
abovementioned interactions in the low shear conformation regime. In the case of low 
consistencies, the dominating interactions are of a colloidal nature, whereas in the case of 
high consistencies it is considered to he fiher interlocking. 
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Figure 5.2: 
Figure 5.3: 
Flow curves of MNFC samples at different solids 
contents, and the tap water that was used to make the 
various dilutions. The filled symbols represent the 
measurement points of the shear rate increase ramp 
whereas the open symbols represent the measurement 
points of the shear rate decrease ramp. The extracted 
picture is the enlarged region indicated in the main plot, 
arrows indicating the shear rate increasing and 
decreasing ramps. 
"Low" shear rate "High" shear rate 
Low s.c. 
High S.c. 
Schematic ofthe proposed conformations at high and low 
shear rate for higher and lower solids contents. The 
"halos" around the fibers indicate their interaction 
potential. At high enough solids concentration the aligned 
structure is suspected to transit into an entangled matrix, 
similar to the low shear rate state, but in this case induced 
by the forced proximity of the fibrils. 
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The amplitude sweep measurement shows that the yield point increases with increasing 
solids content of the MNFC suspension (Figure 5.4). It also seems that sorne secondary 
structure is formed temporarily as an curves show characteristic "shoulders" in the 
amplitude increase ramp. 
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It is not surprising that higher solids contents ofMNFC suspensions lead to increased flow 
points as there are more cellulose entities that form interactional "bonds", i.e. situated 
within a potential energy well, and therefore more force (shear stress) is required to break 
them. Again, also here, the observed data are in good agreement with the data presented 
by Horvath and Lindstr6m l4. Also note that the phase angle is the same (10°) for ail solids 








c 50 .. 
~ 
.. 







0.01 0.1 1 10 
Shear stress /Pa 
-+- lw/w% -.-2w/w% ~3w/w% --Tapwater 
Amplitude sweep curves of MNFC samples at different 
solids contents, and the tap water that was used to make 
the different dilutions. The filled symbols represent the 
measurement points of the shear rate increase ramp 
whereas the open symbols represent the measurement 
points of the shear rate decrease ramp. The inconsistent 
starting phase angle is considered here to be an artefact 
of the measurement. The red arrows are marking the 
characteristic shoulders in the increasing shear stress 
ramp. 
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5.5.3 Influence of the degree of fibrillation on MNFC suspension rheology 
As the degree of fibrillation increases, the overall viscosity becomes greater, as is apparent 
in Figure 5.5. An increasing degree of fibrillation (DoF) seems to have a like effect to that 
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of increasing solids content. However, apparently the hysteresis becomes smaller with the 
increasing degree of fibrillation as opposed to the trend with increasing solids content. 
Ifwe hypothesise again the same structural situation as described earlier, then the change 
of the hysteresis area can be explained accordingly: at low degrees of fibrillation (DoF), 
there is not mu ch interaction between the cellulose entities as there are only few surface 
features and the main structural body is relatively stiff, so not many interaction points are 
present in the low shear conformation (Figure 5.6). In the high shear alignment 
conformation, however, there is much more interaction due to the alignment as long as the 
solids content is high enough. Therefore, a large hysteresis can be seen between the shear 
rate increasing and decreasing curves, that is, once again, assuming the already proposed 
predominant conformations in the respective sweeps. But if the degree of fibrillation is 
high, then there is already a high level of interaction in the low shear conformation because 
more individual entities are present that probably are more flexible compared with the 
dimensionally thicker less fibrillated entities. This leads overall to many more interaction 
points. The alignment in the high shear conformation does not lead in this case to 
substantially more interactions, so the difference in the viscosity curves for the increasing 
and decreasing shear rate ramps is small indicating only slight hysteresis. The overall 
increase of viscosity with increasing degree of fibrillation can probably be attributed to 
the lesser amount of free water. The increase of water retention by an increasing degree 
of fibrillation was already described by Herrick et al. using the water retention value as 
characteristic20. 
Alternatively, it could be assumed that the relaxation time is changing with the degree of 
fibrillation, in respect to the diameter of the cellulose entities: the smaller the diameters 
are, the faster a given conformation can rearrange, and therefore the hysteresis becomes 
smaller or disappears when the relaxation time becomes shorter than the point 
measurement time. This then would mean that the effect is no longer dependent on the 
predominant conformation as a function of the direction of the shear rate change, butjust 
an equilibrium conformation that is only depending on the actual shear rate. Alternative 
time dependent measurements could reveal which hypothesis applies better to the current 
situation, or if it is probably a combination of many. 
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The trend of an increased overall viscosity with an increasing degree of fibrillation was 
also seen, for example, by Sneck21, who investigated the viscosity dependence of 
mechanically fibrillated MFC on the number of passes through an ultrafme friction 
grinder. However, one also finds publications where an opposite trend is seen, for example 
a finer (TEMPO oxidised) NFC having a lower viscosity than a coarser MFC I5, 22, or an 
increased number of passes through an ultrafine friction grinder led to an MFC with lower 
viscosity23, or at least not to an increased viscosity as the difference was quite small. In 
the latter case it was argued that probably a cutting of the fibers/fibrils can lead to a 
reduced viscosity. In the other case, Horvath and Lindstrom'sl4 explanation can be 
applied, in respect to increased charge on the fibers leading to a decrease in internaI 
friction, as the TEMPO oxidation typically leads to an increased surface charge density5. 
However, it cannot be attributed to the generally decreased fibril dimensions (increased 
DoF), as in this case it is not the surface charge density which is increased, but rather the 
overall charge in the system by exposing new charged surface. It is very probable that the 
overall viscosity of an MNFC suspension is the result of an interplay of different, opposing 
effects that are changed differently upon changing the degree of fibrillation . 
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Figure 5.5: Flow curves of MNFC suspensions at different degrees of 
fibrillation. The dilution for these samples was set to 2 
w/w%. The neighboring plot shows the enlarged region 
outlined in the main diagram. 
Figure 5.6: 
"Low" shear rate "High" shear rate 
Low DoF 
High DoF 
Schematic of the proposed conformations at high and low 
shear rate for greater and lesser degrees of fibrillation. 
The halos around the fibers indicate their interaction 
potential, which here is seen to have a greater penetration 
into the water phase than that shown in Fig. 5.3, due to 
the greater zeta potential, causing more interaction 
potential overlap. 
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The flow point also increases with increasing degree of fibrillation, as can be seen in 
Figure 5.7. The same explanation for the increasing flow point as was applied to increasing 
solids content can also be used here, i.e. increased degree of fibrillation results in a greater 
number of individual nanofibrillar entities, and thus more connection/interaction points 
per unit volume are present, and, therefore, more force (shear) is needed to break down 
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Amplitude sweep curves of MNFC suspensions at 
different degrees of fibrillation. The dilution for these 
samples was set to 2 w/w%. 
5.5.4 Influence of additives on MNFC suspension rheology 
As can be seen from the flow curves (Figure 5.8) and the amplitude sweep measurements 
(Figure 5.9), the addition of pigment filler, even at substantial amounts of 50 w/w% of the 
total dry mass (MNFC(fGCC50%)) does not have a strong influence on the rheological 
response of the MNFC suspension. There is only a smalllift of the flow curve to higher 
viscosity values, but no change of the curve shape, and only a slight increase of the flow 
point seen ln the amplitude sweep measurement. 
The absence of significant changes of the MNFC suspension rheology indicates that there 
is little to no interaction of the pigment particles with the MNFC entities. This may be 
attributed to the low surface charge and lack of reactivity of undispersed calcium 
carbonate pigment particles, with its ( potential value of -8 .2 m V. The relative inertness 
could perhaps already have been foreseen indirectly as it is known from traditional 
papermaking that untreated ground calcium carbonate particles behave relatively 
independently of the fibers in a paper sheet and during the forming process, albeit unless 
retention chemicals are used or the solids content has risen high enough to create enforced 
physical contact. Also Dimic-Misic et a/.15 concluded in their investigation of different 
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coating color formulations, that the pigment they used, ev en though it was anionically 
dispersed and the system was more complex, did not effectively interact with the added 
MFC or NFC. In a later publication22, they also provide a schematic model and assign a 
more critical role to the addition of CMC to a system containing MFC or NFC and pigment 
particles and further coating color components. On the one hand it is mentioned that the 
CMC has a dispersing effect on the MFC or NFC material by reducing the cellulose 
particulate interactions, as indicated earlier, for example, by Vesterinen et af.24, or shown 
visually by Xu and Roussière in their work25, 26. On the other hand, they also mention that 
in the presence of CMC, flocculation of the dispersed filler and the latex is induced in the 
case only where MFC/NFC is absent. The influence of CMC on the rheology of MNFC 
suspensions, and in those containing pigment filler, is hereby further investigated in this 
current work. 
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Figure 5.8: Flow curves of MNFC suspensions at different pigment 
fiUer loadings. The indicated filler levels are based on the 
total dry amounts. The cellulosic solids content was 2 
w/w% for ail samples. The neighboring plot shows the 
enlarged portion outlined in the main figure. 
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the hysteresis between the shear rate increasing and decreasing curves disappears. 
Alternatively, the hysteresis might be lost due to an increased mobility of the fmer entities, 
effectively reducing the time constant of the structure reorganisation. These results clearly 
indicate that the state of CMC, either bound to the cellulose particulate surface, as 
described by Horvath and Lindstrôm 14, or present as free polymer, has an influence on the 
rheological response of the MNFC system. Whereas bound CMC reduces the flow point 
and the general viscosity by adding to the electrostatic repulsion, and thus reducing 
internaI friction, free CMC on the other hand may change the apparent degree of 
fibrillation, thus reducing relaxation time of the MNFC suspension. 
The decrease ofyield stress ofpulp suspensions due to addition ofCMC was also reported 
by Liimatainen et al.27• On the one hand they found that the yield stress keeps decreasing 
with increasing CMC amount, as opposed to the here presented data and to those of 
Horvath and Lindstrôm l 4, and, on the other hand, they also saw that an increasing amount 
of non-adsorbed CMC led to a further reduction of the yield stress. It may be that the yield 
stress detennination method used by Liimatainen et al.l3 is confused by viscosity and time 
dependent effects that lead to a misinterpretation of the yield stress. 
It is also worth noting, that the plateau phase angle before the gel structure breakdown is 
not changed upon the addition ofCMC nor throughout the increasing addition levels. This 
indicates that the static interaction is still detennined predominantly by the MNFC entities 
themselves. However, as the flow point is slightly reduced by the presence of CMC, the 
ultimate stress that can be borne by the system before losing the gel structure is reduced. 
It also should be mentioned that when pigment filler and CMC are both added together to 
an MNFC suspension, the property-determining component is clearly the CMC, as can be 
seen in Figure 5.12 and Figure 5.13, as the curves of the filler and CMC containing sample 
(MNFC(fGCC50%)(CMC2%)) are following the respective curves of the CMC-only 
containing sample (MNFC(CMC2%)). 
The general effects of the above discussed additives are summarised in Figure 5.14. CMC 
(red) disperses the cellulose entities by being adsorbed initially on their surface, and, when 
in excess, remaining partly in solution. The pigment particles (orange) do not interact with 
the cellulose fibrils . A significant adsorption of CMC onto the pigment particles is not 
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expected, because of the low reactivity oftheir undispersed surface. The data presented in 
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Figure 5.10: Flow curves of MNFC suspensions at different CMC 
loadings. The indicated addition levels are based on the 
cellulose dry amounts. The cellulosic solids content was 2 
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Figure 5.11 : Amplitude sweep curves of MNFC suspensions at 
different CMC loadings. The indicated addition levels are 
based on the cellulose dry amounts. The cellulosic solids 
content was 2 w/w% for ail samples. 
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Figure 5.12: Flow curves of MNFC suspensions containing zero, one 
or two additives (CMC and/or fGCC). The indicated 
CMC addition levels are based on the cellulose dry 
amounts, whereas the tiller levels are based on the total 
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Figure 5.13: Amplitude sweep curves of MNFC suspensions 
containing zero, one or two additives (CMC and/or 
fGCC). The indicated CMC addition levels are based on 
the cellulose dry amounts, whereas the filler levels are 
based on the total dry amount. The cellulosic solids 
content was 2 w/w% for ail samples. 
No pigment With pigment 
NoCMC 
With CMC 
Figure 5.14: Schematic of the proposed conformations for MNFC 
suspensions with and without CMC and/or pigment. The 
blue halos around the fibers indicate their interaction 
potential and the red halos indicate the general altering 
of the fiber-fiber interaction potential related to the 
presence of CMC. 
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By co-grinding CMC with the calciwn carbonate pigment tiller (PHCHa), as also with 
further addition of cationic polymer (PHCHb), the CMC (and cationic polymer) is bound 
to the pigment tiller surface. This " immobilisation" of the polymer(s) on the surface has 
an effect on the MNFC suspension rheological behavior when such pigment fillers are 
mixed into it. Looking at the flow curves (Figure 5.15) reveals that the CMC-only co-
processed pigment tiller (PHCHa) leads to a generally increased viscosity, a reduced 
hysteresis area and even a slight hysteresis reverse at increased shear rates (> 650 S-I) . The 
additionally cationic polymer co-processed PHCH (PHCHb) pigment tiller also leads to 
an increase of the viscosity, but less pronounced and only at lower shear rates « 700 S-I). 
Interestingly, the gel structure breakdown (flow point) is affected (increased) only by the 
cationic polymer, containing PHCH (PHCHb), as can be seen in Figure 5.16. This might 
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Figure 5.15: Flow curves of MNFC suspensions containing no and the 
two different PHCH flUer pigments, PHCHa and 
PHCHb. The indicated flUer levels are based on the total 
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Figure 5.16: Amplitude sweep curves of MNFC suspensions 
containing no pigment additive versus the two different 
PHCH pigments. The indicated fLIler levels are based on 
the total dry amount. The cellulosic solids content was 2 
w/w% for ail samples. 
As there is no reduction of the flow point in the PHCHa containing MNFC suspension, 
but the addition of CMC (as also together with fGCC) does reduce the yield point, it can 
be concluded that most of the CMC actually is bound to the pigment filler particles in this 
case ofPHCH. Furthermore, it can be hypothesised that the static structure of the cellulose 
entities is not altered by the CMC covered particles, but, interestingly, those particles have 
an influence on the dynamic structure flow curve. Firstly, there is an increased viscosity, 
indicating a stronger interaction between the involved entities during initial collisions. As 
this was not seen for untreated calcium carbonate particles (fGCC), it can be assumed that 
a specific CMC-cellulose interaction may be attributed to the development ofthis stronger 
interaction. We hypothesise, that the increase of anionicity of the pigment filler particle 
seems not to be the reason for an increased viscosity, as this most probably would lead to 
overalliess internai friction and therefore even lower viscosities. Secondly, the hysteresis 
becomes smaller, and this, then, may be attributed to free CMC (see above for 
explanation). This finding is contradictory to what is observed in the amplitude sweep 
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measurement, as in the case of free CMC, in that the flow point would be expected to 
decrease too. So it may be that the observed flow point is determined by several counter-
acting effects. Further investigations are needed to clarify this situation. 
As the flow curve is less changed when PHCHb is added compared to PHCHa, it can be 
concluded that there is less dynamic interaction. As the PHCHb pigment particles are also 
covered by cationic pol ymer, it rnight be concluded that there is less specific CMC-
cellulose interaction as a part of the CMC is interacting with the cationic pol ymer. On the 
other hand, as the flow point is increased, the situation must be different in the static 
configuration. Probably a stable, but weak, (electrostatic) structure is formed between the 
cellulose entities and the PHCHb particles that is destroyed during shearing and they are 
not rapidly enough re-formed in the flow curve measurement. As a result, the cellulose 
entities and the pigment particles are not hindered anymore in their relative movement, 
and the viscosity is not much different from that of a pure MNFC suspension. Further 
(rheological) investigations are needed to test this hypothesis. 
It was shown that the localisation ofCMC (and polyDADMAC) on pigment fillers does 
have a significant influence on the rheological properties ofMNFC suspensions compared 
with addition ofthose polymers directly to pigment filler containing MNFC suspensions. 
Earlier work in the field of MNFC-pigment nanocomposites already indicated that the 
localisation of CMC (and additional polyDADMAC) on the pigment filler surface leads 
to a beneficial behavior compared with their direct addition wh en fillers are used with 
MNFC9. lt was shown specifically that such surface treated PHCH pigments lead to a 
significant increase in mechanical strength properties in an MNFC-pigment composite 
compared with when they contain non surface-treated pigment filler, with or without the 
free addition of CMC. The present work thus confirms the then proposed increased 
interactions of the PHCH pigment filler particles with the cellulose fibrils , as manifest 
here, for ex ample, by the increased gel strength. 
Further work needs to be done, but using this knowledge looks promising as a tool for 
tailoring MNFC suspension properties, as also for manufacturing econornic and weil 
performing pigmented MNFC composite materials. 
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5.6 Conclusions 
The influence of MNFC suspension properties on its rheological behavior was 
investigated. The typical shear thinning behavior was observed, and existing mechanistic 
models were applied and extended for interpretation of the data. Apparently contradictory 
data were critically discussed in the light of competing mechanisms of charge repulsion, 
particle entanglement and gel formation, which highlights the need for further c1arifying 
investigation. Also, the influence of additives on MNFC suspension rheology, namely 
CMC and pigment partic1es, was investigated. Also, here, sorne existing data could be 
confirmed and explained by mechanistic models. Finally, it was found that the localisation 
of CMC on pigment fiUer partic1es by adsorption during pigment co-processing produces 
pigment filler particles that change the MNFC suspension rheology in a way that so far 
has not been previously reported. Such pigment hydrocolloid hybrid (PHCH) particles can 
increase either the gel-strength or the apparent viscosity of an MNFC suspension, whereas 
regular pigment partic1es and CMC typically show no or opposite effects. The further 
development of such PHCH pigment partic1es may be a versatile tool specifically to 
influence the rheological behavior of an MNFC suspension, and thereby impact ultimately 
on the properties of composites made therefrom. 
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Chapter 6 - Presentation 1: Rheological investigation of 
pigmented micro-nano-fibrillated cellulose (MNFC) 
suspensions: Discussion of flow curves 
Oral presentation. 
Michel Schenker, Joachim Schoelkopf, Patrice Mangin, Patrick Gane; 2016 International 
Conference on Nanotechnology for Renewable Materials, Grenoble. 
6.1 Foreword 
In the course of manufacturing the MNFC suspensions, it became very obvious, that the 
Supermasscolloider was not able deliver a consistent MNFC product quality, even though 
the manufacturing parameters were fixed. This was attributed to the changing wear 
situation of the grinding stones. Indications for this limitation were already identified and 
described to sorne extent in the previous publication. Yet, it was only in this subsequent 
experimental series, that the full severity of this drawback became apparent. As a 
consequence, firstly, it was decided to work only with one single batch of MNFC in order 
to rule out the influence of a changing manufacturing process. Secondly, the focus was set 
on a more in-depth investigation of an adequate rheological characterisation (revisiting 
the chosen measurement parameters and evaluation). Thirdly, the material property space 
investigation was limited to the degree of fibrillation. 
As a pre-evaluation of the newly defined measurement protocols and material space focus, 
a short experimental study was carried out and published as a presentation. 
6.2 Summary 
In order to be able to better compare the of this work with data that is presented in the 
literature (e.g. (Agoda-Tandjawa et al. 2010; Iotti et al. 2011» , and also to be able to 
investigate the transition zone behaviour of MNFC suspension flow curves, according 
measurement parameters were adopted and expanded. Namely, the shear rate profile was 
changed to log-equidistantly distributed shear rates, and the acquisition time setting was 
changed from lOs per point to automated. In the automated acquisition time setting, the 
software selects the point measurement time automatically, when reaching a stable 
reading. The minimum time was not less than 15.2 seconds. It is shown that this mode 
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provides very alike flow curves compared to when a constant acquisition time is selected 
(i .e. 10 s). However, by also monitoring the automated acquisition time, the typica1 
transition zone within a flow curve can be visualised altematively, as the acquisition times 
become larger and more unstable (higher standard deviations) in this area, as compared to 
the two shear thinning regions. 
It is shown that an increased solids content not only increases the overall viscosity of an 
MNFC suspension, but also that the transition zone becomes smaller (reduced shear rate 
range) and less pronounced (smaller viscosity drop). In order to mimic a coarser MNFC, 
different shares of pulp fibres were added to the MFC, but keeping the overall solids 
content constant (1 wt%). The flow curves showed irregular behaviour for pulp shares of 
50 wt% and higher, so only the flow curves with 40 wt% pulp or less were evaluated. With 
an increasing pulp share, the end of the transition zone was extended to higher shear rates, 
whereas the ons et of the transition zone was not changed. AIso, the overall viscosity in 
zone 1 and 2 did decrease with an increasing pulp share. Furthermore, CMC was added to 
the MFC suspension, with the intention to mimic a finer MNFC by getting better dispersed 
fibrils (Veen et al. 2015). Here it was found that the CMC shortens the transition zone, i.e. 
the onset of zone 2 happens at lower shear rates. The overall viscosity was not changed. 
As the CMC does not only change the state of dispersion, but also inherently changes the 
charge situation in the suspension, the observed effects cannot be attributed only to the 
presumed increased level of homogeneity. 
This preliminary work did not discuss the potential morphological mechanisms causing 
the changed flow curves with respect to residual fibers or added CMC in detail, yet it 
showed the potential of the changed measurement protocol and the benefit of observing 







13-'6 J une 2 0 1 6 
World Trade Centor 





Rheological investigation of pigmented micro-nano-
fibriUated cellulose (MNFC) suspensions: 




Omya I nternational AG 1 FiberLean 1 UQTR 
COiluthOrs: 
Joachim Schoelkopf, Patrice Mangin 
and Patrick Gane 
Content overview 
• Int roduction 
- Micro-nanofibrillated cellulose (MNFC) 
- Review / refresher of last year's presentation 
- The challenge - "why the topic has changed" 
• Materials and Methods 
• Results 
- Comparison offlow curve mea!>urementprocedures 
- Production proces!> instabilities 
- Influencing parameters: soUd!> content 
- General profile 
- Influencing parameters: residual fibres 






Micro-nanofibril lated cellulose 
Why Micro~Nanofibriliated Cellulose? 
• Mechanical fibrillation process 
~ broad size distribution 
• Residual fibres, fibril aggregates, fibrUs 
and nanofibrils 
-
" ~~, --:.' 1. __ 
.\ 
~ nana fibrillation occurs on micro and nanofibres 
~. MNFC 
-7 Fiberlean MFC 
• Benefits 
economical 
improved self-retention and coating holdout 
- enlarged property-space 
~'.--f -
l Roul»iere, F. and X:u, X. et ill" Te>ppi Intprnotionul Conference 
on Nonotechnolo<;v for Renewcb1e Moteriu/s, Vancouver. 2014 " TÀPPI 
Introduction H"om 1 1 




• Linear shear rate profile 
s 
~ 0.01 




0 200 ~oo 600 IlOO 1000 
~ Influence of mixed additives 5howrat.h·' 
Proposed next steps 
tnvestigate the infl uence of 
coprocessing additives 
Investigate time depending effects 
l Sthenker, M. et al., Toppi Inteme>tional Conference On 
fIIe>notecl1nolor;y for Renewable Moterjols, Atlanta, 2015 










• Suspicious trend 
• Different behavior ~ . """'11 l •• 41.· 'fl 11,: 1:" .... \.t.II"fi.."",~ ,'f' 
of reference material 
with equal composition i: 
~ Change of process 1 : 
efficiency } • 
• !;:---'=-=-~-=-"'=--:::-! 
Literature '~rom -; 
• Indication of flow instabilities or 
mechanistic changes between shear rates 








1 Schenker, M., el a/ .• PaperCcn, Cincinnat I. 2016 
~TApPI 1 Karpplnen, A., et 01., Ce/lu/oS<?, 19(6), pp. 1807 (2012) l lott l, M ., el 01., loufllal ofPo/ymefs and the Envlronment, 19(1l, pp. 137 (2011) 
Materials and Methods 
Materials used 
• Pulp: bleached wood-free eucalyptus pulp 
MNFC manufacturing 
• Ultrafine friction grinder (Supermasscolloider) 
- Single pass mode, total of lS passes, changing revolution speeds 
- 3 wt% cellulose consistency 
Sample preparation 
• Dilutions made from stock MNFC and tap water (same as for 
production, 45 °fH) 
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Production process instabilities 
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• Overall viscosity level variation 
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Chapter 7 - Article 2: Influence of shear rheometer 
measurement systems on the rheological properties of 
microfibrillated cellulose (MFC) suspensions 
Published article. 
Michel Schenker, Joachim Schoelkopf, Patrick Gane, Patrice Mangin; Cellulose; 2017; 
25(2); 961-976; doi: 10.l007/s10570-0 17-1642-x 
7.1 Foreword 
As the preceding work has shown the potential of rheological measurements in providing 
information on the MNFC suspension morphology and potentially on the composition 
details (degree of fibrillation, amount of residual fibres), it was decided to carry out a more 
complete trial programme to investigate these initial observations in more detail. To be 
able also to develop morphological models, and/or to be able to compare own data with 
work done by other researchers, a solid understanding of the rheological measurements is 
necessary. This is especially highlighted because MNFC suspensions are known to exhibit 
a complex rheology and are very prone to measurement artefacts (Nechyporchuk et al. 
2016) . Even though described to be artefacts, most ofthese irregular suspension responses 
(with view to the underlying assumptions for rheological data interpretation), are inherent 
to MNFC suspensions, and can probably not be suppressed (Cloitre and Bonnecaze 2017). 
It also may not make sense to suppress them, as the same effects will be present in real 
applications, like being pumped through a pipe, and, therefore, such materials will behave 
the same way as in the rheometer. Nevertheless, in order to develop morphological 
models, it is necessary to be aware of these effects and how they are expressed in 
rheological measurements. So, on the one hand, viscoelasticity as weIl as flow curve data, 
was described with already known and newly introduced descriptors. The influence of 
four different shear rheometer set-ups on these properties was tested. To our knowledge, 
this was the first work that has investigated the influence of shear rheometer measurement 
setups on MNFC suspensions at such a detailed level. 
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This work, as well as the additional unpublished data, provided the basis for the decision 
to switch from the smooth CC27 system to the VS system for further rheological 
characterisations within tbis PhD work. Also, the importance and the potential benefits of 
carefully carried out data analysis and statistics became apparent while evaluating the 
unpublished data. This, in turn, created the motivation to have a closer look at the statistics 
of the flow curve hysteresis data that were presented in the subsequent publication 
(Chapter 8 - ). 
7.2 Abstract 
Flow curve and viscoelastic measurements were performed on microfibrillated cellulose 
(MFC) suspensions of different solids content using both cylinder and cup (smooth and 
rough) as weil as vane in cup geometries. To compare the data quantitatively from 
amplitude sweep measurements and dynamic flow curves several descriptors were newly 
introduced to parametrise the observed two-zone behaviour separated by a transition 
region. It was observed that the cylinder cup geometries are prone to erroneous effects 
like slip, wall depletion and/or shear banding. However, those effects were not observed 
when the MFC suspension was not stressed beyond the dynamic critical stress (yield) 
point, i.e. when still in the linear viscoelastic (L VE) regime. The vane in cup system on 
the other hand, seems to be less affected by flow inhomogeneities. By following the 
rheological properties as a function of the MFC suspension solids content, it could be 
shown that the global property trends remained alike for ail investigated measurement 
systems, despite the presence of erroneous effects in sorne geometries. The observed 
effects were linked to recent model hypotheses in respect to the morphology of MFC 
suspensions under changing shear situations. 
7.2.1 Keywords 
Microfibrillated cellulose (MFC), rheology, vane, depletion layer, flow curve, 
viscoelasticity 
7.3 Introduction 
Since 1983, when microfibrillated cellulose (MFC) was introduced by Turbak et al. 
(Turbak et al. 1983), extensive work has been carried out on the manufacturing, 
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modification, application and metrology ofthis versatile material (Desmaisons et al. 2017; 
Kangas et al. 2014; Nechyporchuk et al. 2016a). The versatility originates from two main 
factors ; on the one hand, various types of source materials can be used, including virtually 
all types of plants and even animaIs (tunicates), whilst on the other hand, there are several 
manufacturing pro cesses, including diverse pre- and post-treatments that also lead to very 
different morphologies of the final product. Despite several attempts, there is still no 
unified nomenclature for all the different cellulose types, yet commonly used 
differentiations are fibrillated vs. crystalline (Nechyporchuk et al. 2016a) and nano- vs. 
micro-sized width (Moon et al. 2011). The differentiation between nanofibrillated- and 
microfibrillated cellulose (NFC and MFC, respectively) is not made very consistently in 
the lite rature , where the classical meaning of micro is re-emerging to cover the nano 
region. In this context, (Kangas et al. 2014) should be referenced as it provides a 
straightforward definition, stating that only materials containing solely nano-sized fibrils 
(related to fibril widths) should be called NFC. MFC materials may also contain nano-
sized fibrils, yet they also contain larger fibrils or ev en fibres , so they have a broad particle 
width-distribution ranging up to the micrometre-scale. The material investigated in this 
work is therefore classified as MFC. 
With the increasing level of commercialisation ofMFC materials, the need increases also 
for meaningful methods of characterisation. On the one hand, they are needed for quality 
control, and, on the other hand, a good differentiation of various grades is needed to be 
able to select an optimal product for a specific application. Several attempts at classifying 
properties have been made lat el y (Desmaisons et al. 2017; Kangas et al. 2014), concluding 
that a combination of several different methods is needed. A rather direct characterisation 
is particle size analysis. However, due to the naturally high aspect ratio of cellulose fibrils , 
the broad distribution of length and widths and their tendency to coil, such analyses 
become rather challenging. The only direct method providing actual fibril dimensions, 
like width and length, is image analysis. The need for extensive sample preparation, long 
measurement times and the requirement for many counts to achieve statistical relevance, 
such characterisations are impractical. So, an easier characterisation method, that would 
still provide sorne information on the fibril morphology would be very interesting. 
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The rheology of suspensions is known to depend inter alia on the size features of the 
suspended phase, so it might be a good candidate. Also, it is comparatively fast and 
generally do es not need large sample volumes for a measurement. Not surprisingly, quite 
sorne work on the rheological characterisation of various nano- and micro-cellulose 
suspensions has already been carried out. Very commonly, flow curves (viscosity as a 
function of shear rate) and viscoelastic properties are determined. Typically, rheology is 
often used as an additional characterisation, but without a specific property target 
discussion (Dimic-Misic et al. 2016; Naderi et al. 2016; Padberg et al. 2016; Pahimanolis 
et al. 20l3). Yet still , and especially lately, more and more work can be found, that 
specifically investigates the rheology of nano- and micro-cellulose suspensions (Dimic-
Misic et al. 2017; Dimic-Misic et al. 2015 ; Jotti et al. 20 Il; Martoïa et al. 2016; Nazari et 
al. 2016; Nechyporchuk et al. 2016b). A major topic in this field is the presence of 
rheometric-induced artefacts (side-effects) like wall depletion (migration of the fibrils 
away from the measurement cell walls), shear banding and wall slip (Haavisto et al. 20 Il; 
Kumar et al. 2016; Naderi and Lindstrom 2016; Nechyporchuk et al. 2014; Nechyporchuk 
et al. 2016b; Saarinen et al. 2014). These effects can contribute significantly to the 
measurement data and, therefore, lead to misinterpretations. So, it is very important to 
minimise such effects as much as possible, or at least be aware and con si der them in mode! 
developments. It was found that the type of rheometer and the type of measurement system 
can influence these perturbing effects, and, therefore, the resulting measured properties 
(Nechyporchuk et al. 2014; Saarinen et al. 2009). Nechyporchuk et al. (Nechyporchuk et 
al. 2014) have shown, that the side-effects also depend on the type of cellulose, i.e. that 
MFC types (named as "enzymatic-NFC" by the authors) are even more prone to side-
effects. Several researchers concluded that parallel-plate and cone-plate setups of shear 
rheometers may lead to even more secondary effects (Naderi and Lindstrom 2015; Nazari 
et al. 2016; Saarinen et al. 2009), and so the use ofwide gap concentric cylinder (CC) set-
ups is recommended. Other counter measures include rough and serrated surfaces or vane 
in cup geometry. However, what is still missing even now is a direct comparison of the 
commonly mentioned counter-measures against these side-effects with view to the more 
susceptible MFC suspensions. The present work aims to fill this gap and to pro vide sorne 
insights on the efficiency of those counter measures, as weil as relate the specific system 
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characteristics to prevailing hypothesised structural models of MFC suspensIOns 
(Karppinen et al. 2012; Saarikoski et al. 2012). 
Several researchers also use pipe and/or slit rheometer setups to investigate the flow 
dynamics of MFC suspensions, often coupled with additional techniques that allow a 
tracking and/or visualisation of the fibril structures (Haavisto et al. 2011 ; Haavisto et al. 
2015; Kataja et al. 2017; Kumar et al. 2016; Lauri et al. 2017). An ad hoc comparability 
of data obtained by shear and pipe/slit-rheometers is not to be expected as the deformation 
is initiated by mechanical shearing via two surfaces on the one hand, whereas on the other 
hand it is pressure driven. Yet, several authors were able to show that comparability of the 
different resulting datasets is given under sorne conditions (Haavisto et al. 2015), or 
through respective data handIing/treatment (Haavisto et al. 2017). Using pipe/slit 
rheometers can have several advantages, for example the reduced likelihood of restricting 
flocculation, or the ability to add several different measurement techniques in parallel 
(Haavisto et al. 2015; Kataja et al. 2017). However, a rather large amount of sample 
material is necessary for such volumetric flow setups (typically > 1 dm3) , and potentially 
changing suspension morphologies along the measurement tube due to extended residence 
time as a function of tube length (Haavisto et al. 2015). 
Four different rheometer measurement systems are compared in this study, including two 
smooth CC set-ups with different measurement gaps, one rough surface CC setup and a 
vane in cup setup. A further aim ofthis work is to propose sorne new descriptors to classify 
the properties that can be gathered from flow curve and amplitude sweep data that allow 
a more quantitative analysis of the observations, in particular, the typically reported three-
region shape of the flow curve (Iotti et al. 2011 ; Jia et al. 2014; Karppinen et al. 2012; 
Saarikoski et al. 2012; Shafiei-Sabet et al. 2012) is parametrised as two zones separated 
bya transition region. 
7.4 Methods 
7.4.1 Materials 
MFC was manufactured by a purely mechanical process, described in detail elsewhere 
(Schenker et al. 2016). In short, bleached eucalyptus pulp was mechanically disintegrated 
as a 3 wt% aqueous suspension (tap water) using a Supermasscolloider MKCA 6-2 
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(Masuko Sangyo Co., Japan) in various single passes at different rotation al speeds. The 
specific grinding energy, defined as the total electrical energy consumption normalised by 
the amount of dry cellulose matter, was 7.2 kWhkg- I . This mechanical fibrillation process 
typically leads to a broad size distribution (Lauri et al. 2017), i.e. coarse fibres as weil as 
individual fibrils are present in such a suspension (Figure 7.l). It is, therefore, classified 
as MFC, rather than NFC. Also, as there were no modifications made to the MFC, it should 
be classified additionally as a flocculated structure MFC according to Nechyporchuk et 
al. (Nechyporchuk et al. 2016b). Dilutions of 0.5, 1 and 2 wt% for further use were 
obtained by the addition of tap water, followed by 2 min of rotor stator mixing at 12 000 
min- I (rpm) (Polytron PT 3000, Kinematica, Switzerland) and 5 min exposure to an 
ultrasonic bath. Before further measurements, the dilutions were let to rest for at least one 
hour. As a reference for flow curve measurements, a standard oil was used (Brookfield, 
fluid 1000,985 rnPas at 25 oC). 
Figure 7.1: 
7.4.2 Imaging 
OpticaJ rnicroscopy image of MFC suspension at 0.5 wt% 
(top Jeft), and SEM images of freeze-dried aerogels from 
0.5 wt% suspensions at increasing magnifications (top 
right), (bottom left) and (bottom right). Sorne left over 
coarse fibres are apparent, as weIl as sorne individual and 
isolated fibrils. 
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For irnaging, the MFC suspension was diluted to 0.5 wt% and an equivalent of 5 wt%, 
based on dry weights, of carboxymethyl cellulose (Finnfix10, CP Kelco, Finland) was 
added as 1 wt% solution, prior to the above described mixing and ultrasonication. For 
optical microscopy (Axio Imager.M2m, Zeiss, Switzerland), one drop of suspension was 
placed between two glass slides. Another sample of this suspension was frozen in liquid 
nitrogen and then freeze dried using an automated system (Alpha 1-2 LD Freeze Dryer, 
Martin Christ Gefriertrocknungsanlagen GmbH, Gerrnany). A piece was tom out of the 
aerogel and mounted on a support, so that the internai MFC aerogel structure could be 
imaged by SEM (Sigma VP, Zeiss, Switzerland) after being sputtered with gold (8 nm). 
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7.4.3 Rheological measurements 
Ali the measurements were performed on an MCR 300 rheometer (Anton Paar, Austria) 
at 20 oC. Four different measurement systems were used, whereas all are based on a wide 
gap, cylinder and cup geometry. The first system is the CC27 (dcup = 28.92 mm, dbob = 
26.66 mm), as it is supplied by the manufacturer (Anton Paar). The second system is also 
a CC27 system, but both cup and bob were roughened using a rough, 100 grit-class 
abrasive sandpaper (RR) . The dimensions of the bob and cup as well as the moment of 
inertia of the bob were updated in the software accordingly. The roughening process led 
to a patteming on the surface, consisting predominantly of circular grooves around the 
geometrical rotation axis. So, waviness instead of roughness was ca1culated according to 
ISO 25178 for the bob from five different images recorded with a confocallaser scanning 
microscope (LSM 5 Pascal, Zeiss, Switzerland). The waviness was 1.8 ± 0.3 Iffil. The third 
system is the CC17 system (dcup = 18.08 mm, dbob = 16.66 mm) from Anton Paar. The 
fourth system is a vane (six blades) in serrated (length profiled) cup system (vane: ST22-
6V-16, dvane = 22 mm, cup: CC27-SS-P, dcup = 28.88 mm, profile depths = 0.5 mm, profile 
widths = 1.65 mm), also supplied by Anton Paar (VS). 
Ali the MFC suspensions, as well as the viscosity standard oil were measured as 
triplicates, whereas each measurement within a triplicate was a separate filling. For a 
given dilution, several dilution make-downs were used throughout the work presented 
here, whereas the repeatability was checked in ail cases (data not shown). The data are 
presented as average values from the triplicate measurements, and respective standard 
deviations. 
Flow curves (viscosity 11 in dependence of the shear rate y) were recorded by performing 
an automated shear rate increase ramp from 0.01 S-1 to 1 000 S- I. 30 log- equidistant 
distributed point measurements were performed with automated acquisition time mode 
(minimal acquisition time is 15 .2 s) and shear rate control. 
As seen also by others, the flow curve of an MFC (or NFC and NCC) suspension typically 
consists of several, more or less distinct regions, showing different dependencies (lotti et 
al. 2011 ; Jia et al. 2014; Karppinen et al. 2012; Shafiei-Sabet et al. 2012). Therefore, a 
focus of this work was put on a more effective description of these regions, to enable a 
comparison ofsuch flow curves quantitatively. Figure 7.2 shows a typical flow curve with 
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two zones following a power law, divided by a transition showing a typical local 
minimum. At high shear rates, sorne measurements also showed an increase in viscosity 
with shear rate. This was attributed to non-Iaminar flow, observable as vortex in the cup. 
Such data points were omitted from the evaluation. Zone 1 and 2 are characterised by the 
two power law parameters ofthe Ostwald-de Waele fitting function according to 
Equation 7.1 
where 'Ii is the viscosity, Ki is the consistency coefficient and ni the flow index of zone i. 
Using the exponent n - 1 allows to compare it directly to data from other power law fluid 
descriptions based on stress, using the following form taken from the region beyond the 
yield stress ro in the Herschel-Bulkley relation: 
T = Kyn for T » T O Equation 7.2 
where T is the shear stress (Lasseuguette et al. 2008). The data points for fitting in zone 1 
were used up to shear rates at which a sudden increase of the acquisition time was seen. 
This increase in rheometer automated equilibrium acquisition time is believed to be a 
signal that the material is undergoing a transition in rheological state as the time required 
to achieve a steady measurement increases. Likewise, the data points for zone 2 were 
selected after the acquisition time dropped significantly once again at a shear rate after the 
transition zone. Zone 1 is additionally described with its apparent end and a viscosity value 
170.02 (low shear viscosity) that is obtained by solving the respective power law fit for a 
shear rate of 0.02 S- I. Zone 2 is described additionally with the apparent start point and a 
viscosity value 17100 (c1osely after the transition between low shear and high shear 
viscosity) that is obtained by solving the power law function for Ji = 100 S- I. The transition 
zone is characterised by the ratio of the low shear viscosity and the high shear viscosity 
and the comparative relative depth of the local minimum LI min . The latter is a newly 
introduced parametrisation that is thought to be an indication of how strongly the 
suspension is aggregated (flocculated) in the transition zone, e.g. previously reported, but 
not quantified accordingly, by Karppinen et al. (Karppinen et al. 2012). It is calculated by 
frrst fitting a power law function according to Equation 7.1 through 170.02 and 1'/100 and then 
interpolating it to the shear rate of the local minimum to get the theoreticallocal minimum 
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viscosity (Equation 7.4, Equation 7.5 and Equation 7.6). Llmin is then calculated as the 
difference between the theoreticallocal minimum viscosity and the actual viscosity at the 
local minimum, normalised by the local minimum viscosity (Equation 7.3), 
Ll . = 1]min,th - 1]min 
mm 1]min,th 
K . n · t-1 1]min,th = intYmin JO 
log(1]100j ) 1]0.02 
log(1°0j ) 0.02 
K - 1]0.02 





with 1]min,th being the calculated viscosity at the shear rate of the local minimum l'min 
using the fitting function calculated from '1 100 and '10.02 with the flow index nint and 
consistency coefficient Kint at the zone interface of the transition, and 1]min being the local 
minimum viscosity. 
It should be mentioned that the interpretation of Llmin has sorne limits. When 1]min is 
acquired in equilibrium (stable reading) , then it may give a good indication of the 
aggregation in the suspension following the conclusions of Karppinen et al. (Karppinen et 
al. 2012). Yet, the acquisition times in the transition zone can exceed the maximal 
acquisition time set by the rheometer software under certain situations (data Dot shown). 
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Figure 7.2: 
Shear rate (S'l ) 
Typical flow curve of an MFC suspension characterised 
in this work. There are three distinct regions; zones 1 and 
2 foUowing a power law, being divided by a transition 
region. Sorne cornbinations of rneasurernent setups and 
suspension solid contents also showed a fourth zone 
where the viscosity apparently seerned to in crea se. 
However, this was attributed to non-Iaminar flow, easily 
observable as vortex forming by the sample suspension in 
the cup. The parameters necessary for calculating the 
relative depth ofthe local minimum Amin, '10.02 and '1100 
are indicated also. 
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Viscoelastic properties were determined by an amplitude sweep measurement at a 
frequency of 0.5 Hz. The automated, amplitude-contro11ed ramp was set from 0.001 % to 
1 000 % with 60 log-equidistant distributed point measurements and automated 
acquisition time mode (in practice, the acquisition time was seen to be around 25.5 s for 
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Storage and loss modulus (G', G") data of a 1 wt% MFC 
suspension measured with the CC27 geometry. The 
storage modulus data are represented with the fullline on 
the left y-axis and the loss modulus data are represented 
with the dotted line on the right y-axis, respectively. 
Please note the different scales of both y-axis. The error 
bars indicate the standard deviation. It is apparent that 
the storage modulus is not linear, but goes through a 
maximum before the structure breakdown. The loss 
modulus is linear at low oscillation amplitudes and shows 
an increase before the structure breakdown. 
It was found that there is only a very short linear regime for the storage modulus (G ') at 
very low shear stresses, respectively extremely small amplitudes (Figure 7.3), so the 
maximal storage modulus G 'max was evaluated in this work, rather than the typically used 
plateau value. Analogously, the minimum of the phase angle, 6min, was evaluated. As the 
loss modulus G" typically showed sorne more extended linear regime (LV), the plateau 
value G ' 'lin was evaluated. MFC suspensions are known to behave like gels above certain 
concentrations, i.e. behaving like a viscoelastic solid (G ' > G ' ') in a linear viscoelastic 
region (L VE), and after exceeding a critical shear stress, behaving like a viscoelastic liquid 
(G ' < G U). Following (Moberg and RigdahI2012), the ons et of the loss oflinearity (Wu 
and Morbidelli 2001) was determined by the onset of the transformation from the 
viscoe\astic solid to the viscoelastic liquid behaviour. Yet, in this work, the onset of the 
loss of linearity (LoL) was defined as the deformation at which the phase angle exceeded 
the minimal phase angle by 5 %. Se\ecting the phase angle instead of the storage modulus 
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to define the LoL was applied because the phase angle also includes the viscous behaviour 
of the material, i.e. the loss modulus: 
Equation 7.7 
The authors believe that in the case of a viscoelastic material, both moduli should be 
considered when discussing the structural response to a deformation, i.e. when undergoing 
shearing. Considering the storage modulus only may give an incomplete picture as the 
material naturally has a viscous response to the defonnation, even at low deformations, 
i.e. in the L VE. lt was, however, also found that there is a good correlation between the 
LoL determined as described above, and when determined using the onset of the loss of 
the storage modulus alone (data not shown). The dynamic yield stress in this work is 
defined as the stress at the LoL, i y,ô, as opposed to the static yield, iQ, shown in Equation 
7.2. 
7.5 Results 
Graphs of the data that were used to derive the viscoelastic and flow curve parameters 
evaluated in this study, is provided in the Supplementary Information SI. 
7.5.1 Viscoelastic properties 
Figure 7.4a shows the evolution of the storage and loss moduli (G 'max and G" fin) in the 
linear viscous regime (LV) as a function of the MFC suspension solids content for the 
different measurement systems. The storage modulus is significantly larger than the loss 
modulus under all geometric conditions, and the moduli increase with increasing solids 
content of the MFC suspension. This is typically seen throughout the literature, e.g. (Baati 
et al. 2017; Moberg et al. 2017; Nechyporchuk et al. 20 16b; Paakk6 et al. 2007). Looking . 
at an independent power law fitting, y = axh, of the moduli y against solids content x data 
(Table 7.1), it is apparent from the parameters a and, b that the measurement system has 
onlya small influence on the trends. 
Only few authors have investigated the impact of different measurement systems on 
viscoelastic properties of MFC suspensions, e.g. (Naderi and Lindstr6m 2015; Saarinen 
et al. 2009), whereas only Naderi and Lindstr6m (Naderi and Lindstr6m 2015) have 
directly compared different cylinder and cup setups (smooth and profiled). Saarinen et al. 
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(Saarinen et al. 2009) found that the cone-plate setup leads to a higher storage modulus 
plateau, compared to a plate-plate and a cylinder cone (CC27) system (aIl systems had a 
smooth surface). They argued that if wall slip (due to wall depletion) would be the 
dominant erroneous effect, then the data should be oppositely related to those observed. 
So, they attributed the observed effect to the gap size, whereby, in the cone-plate setup, 
the gap was too small in relation to residual fibres and/or fibril aggregates ("flocs"). In 
addition, Naderi and Lindstrôm (Naderi and Lindstrôm 2015) found that the storage as 
weil as the loss moduli were smaller when measured with smooth CC surfaces compared 
to a profiled surface CC setup. This effect was attributed to the depletion layer. As the 
data in Figure 7.4a do not show any ofthose effects, it may be hypothesised, that the gap 
size is sufficiently large, so that no blocking of coarse aggregates occurs on the one hand, 
and that potential side-effects on the other hand contribute only slightly in the initial 
viscoelastic region. 
Figure 7.4b reveals that the minimum in phase angle (Omin) is generally higher for the VS 
system compared to the CC27 and RR systems. As a higher phase angle means that the 
ratio of the loss and storage moduli is shifted more toward the loss modulus (Equation 
7.7), the data indicate a more viscous, but still overall elastically dominated, behaviour of 
the MFC suspension when characterised by the VS system. Assuming the viscous 
behaviour to be a relative movement between fibres, i.e. a relocation of connection points 
(attractive inter-fibril interactions), and the elastic behaviour to be the stretching of the 
fibrils and/or fibriIlar network, thus increasing the radius of gyration, the VS system seems 
to promote the relative movement of fibrils over that of distortion. This hypothesis 
remains, however, to be proven, e.g. by adding another measurement technique that aIlows 
high resolution (spatial and temporal) velocity profiling ofthe MFC suspension near the 
edges of the vane blades. 
When the oscillation amplitude (strain) becomes large enough, then the structure breaks 
down and the viscoelastic properties of the suspension change. As explained earlier, this 
is characterised by the LoL and the yield stress (ry,o) in this work (Figure 7.4c and d). For 
aIl systems, a trend is seen that higher solids contents decrease the LoL and increase ry,o. 
Such a trend is also seen in the data presented by lia et al. (lia et al. 2014), yet the authors 
did not describe the effect. The increase of the shear stress with the increasing solids 
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content of the suspension can be explained easily by the increased number of fibrils and 
fibril contact points per unit volume of the suspension. However, the increased amount of 
fibril contact points also means that the length between the contact points becomes 
smaller. So, less strain is needed to create higher stress and such that the contacts break at 
lower strain and the system, therefore, starts to yield at a lower strain due to the greater 
induced stress. 
A significantly increased limit of linearity and yield stress is seen for the VS system 
compared to the two others. Two reasons may be hypothesised for the later onset of the 
structure yielding for the VS systems. Either, the suspension structure actually collapses 
later as a function of strain in the VS system, or there is slip or a depletion layer effect 
occurring in the two other systems that is just wrongly interpreted as structure yielding. 
Figure 7.5 shows the typical phase angle data, exemplified by the 1 wt% MFC suspension. 
The higher value for <5 in the L VE is apparent for the VS system, but also that the increase 
of <5 as a function of strain is initially slower for the VS system. The very abrupt increase 
of the phase angle at lower deforrnation and assumed stress seen for the CC and RR system 
can indicate a slip, depletion layer or a shear banding effect. As there is no indication for 
such an effect within the L VE for the other systems, it may be hypothesised that one of 
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Figure 7.4: Viscoelastic properties in dependence of the suspension 
solids content for the different measurement systems 
CC27: smooth setup, VS: vane in serrated cup, RR: 
roughened cup and bob, as shown in (a)-(d). In graph (a), 
the maximum storage modulus data are represented with 
the filled symbols and the Iinear loss modulus data are 
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Phase angle (0) as a function of the shear stress (T), 
derived from an amplitude sweep measurement 
performed on a 1 wt% MFC suspension with different 
measurement systems. The higher phase angle in the 
initial viscoelastic region, as weil as the later and 
prolonged onset of the increase of the phase angle for the 
VS system are apparent. 
Fitting function parameters of selected viscoelastic 
properties. The fitting function variable x is the solids 
content, and y is the fitted modulus property. 
System Property (y) y = axb 
(Pa) a (pa) b 
CC27 G'max 73 2.9 
VS G 'max 61 3.0 
RR G 'max 63 3.1 
CC27 G"in 9.8 3.0 
VS G " lin 9.8 3.1 
RR G "lin 8.1 3.3 
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To verify that ail measurement setups were initialised correctly, flow curves of a viscosity 
standard oil were recorded. Figure 7.6a shows the expected Newtonian behaviour and the 
viscosity value of about 1 Pas of the oil for ail systems. This comparison is important, as 
it shows that, even though the VS and the RR systems are only relative systems, the y 
132 
actually report the correct absolute viscosity values and trends. Having this infonnation 
makes it possible to attribute differences seen later in this work to the different material 
responses to the measurement setups, and not the measurement system itself. Please note 
also the lower shear rate limits for reliable measurements for the respective systems, 
provided by the rheometer supplier (Figure 7.6a). Data of a given system that lie below 
the lower reliable detection lirnit on the curve should not be used. It is apparent, that the 
investigated measurement systems are not optimal for measuring low viscosity at low 
shear rates. Yet, as can be seen in Figure 7.6b, viscosities of the investigated MFC 
suspensions were several orders of magnitude larger than 1 Pas at low shear rates, and, 
thus, generally very weIl within the detection limits for reliable measurement. 
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Flow curves of a viscosity standard oïl measured with the 
different measurement setups (a). The error bars 
represent the standard deviations. The lines mark the 
limits for reliable measurements provided by the machine 
supplier for the used setups (full: CC27 and RR, dashed: 
VS and dotted: CCI7). Flow curve values that are below 
or close to the lower limit of detection should not be 
interpreted. The MFC suspension viscosity was weil 
above these minimal detection limits, exemplified here 
with 0.5 and 2 wt% MFC measured with the VS system 
(b). 
Several articles describe, that flow curves of MFC suspensions consist of two or three 
distinct regions, and attribute those to different suspension morphologies, i.e. different 
status offlocculation (Karppinen et al. 2012; Martoïa et al. 2015; Saarikoski et al. 2012; 
Saarinen et al. 2014). Sorne articles also describe such behaviour for NCC suspensions, 
133 
though it is attributed to the transformation from isotropic to chiral nematic liquid 
crystalline phases (Shafiei-Sabet et al. 2012). Flow curves of NFC suspensions also 
consist of different regions, yet it seems that there is much less or no flocculation 
(Nechyporchuk et al. 2014). However, to obtain a real NFC according to the earlier 
provided definition, chemical modifications have to be applied, which inherently increase 
the charge density on the fibrils . This, in itself, wiU also change the rheological response 
of the system (Veen et al. 2015). Further work is planned to investigate the influence of 
the fibril widths on the rheo10gical properties of MFC suspensions, without having an 
additional influence of a changed surface charge. Karppinen et al. (Karppinen et al. 2012) 
and Saarikoski et al. (Saarikoski et al. 2012) show that, at rest and very low shear rates, 
the MFC suspension is a network of fibrils . Increasing the shear rate leads to a 
"flocculation" of the fibrils . Up to a maximum, the floc size increases with increasing 
shear rate and "voids" (depleted, water-rich areas) form and grow. After reaching the 
maximum, the floc size decreases again and the voids disappear. It should be noted here 
that the term "floc" is loosely used to refer to papermaking terminology where fibres are 
seen to clump together in a bulky cooperative structure. However, shear induced structure, 
such as that seen here is more likely to be due to physical entanglement, such as occurs in 
polymer systems, rather than a colloidally defined floc . Martoïa et al. (Martoïa et al. 2015) 
confirmed this floc behaviour also for enzymatic NFC, and it can be attributed to a 
competition between attractive and repulsive surface forces (Chaouche and Koch 2001) 
that is influenced by the shear rate and stress condition. Saarinen et al. found additionally 
that there can be significant solids depletion at 10w shear rates ("below the yield stress"), 
dominating the flow curve. NaturaUy, this depleted layer also is seen in terms of rapid 
shear thinning. ln aU the aforementioned publications smooth cylinder cup setups were 
used, with gap widths ranging from 0.5 to 2 mm. AIso, the investigated MFC or NFC 
suspensions were very probably similar to the MFC suspension that was used here in our 
work. In the following discussions of the flow curves, the same models are assumed 
because of these likely similarities between the materials and methods used and those 
applied in this work. It should be noted that comparing alike types of nanocelluloses is 
important, as different types behave differently in rheological measurements. It seems that 
three major types with different rheological behaviour can be distinguished: modified (e.g. 
134 
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)-oxidised) and then fibrillated, mechanically 
fibrillated (including enzymatically pretreated) and crystalline cellulose. The main 
difference between the modified and the unmodified fibrillated materials is the increased 
surface charge, for example, due to the oxidation or the addition of polyelectrolytes. This 
increases the repulsive surface forces , and therefore works against flocculation (Martoïa 
et al. 2015; Moberg et al. 2017; Naderi and Lindstrôm 2016; Veen et al. 2015). Crystalline 
celluloses typically also carry more surface charges than fibril-derived materials, and have 
additionally a smaller aspect ratio and are stiff compared to fibrils , allowing them, for 
example, to form nematic structural phases (Shafiei-Sabet et al. 2012). 
Figure 7.7 summarises the properties of zone 1 of the flow curves of the different 
measurement systems and as a function of the suspension solids contents. It is apparent, 
that the end of zone l , or the beginning of the transition region, strongl y depends on the 
measurement system (Figure 7.7a). Looking at the power law parameters (KI, ni) and the 
related low shear viscosity (1]0.Q2) reveals that the material in the VS system leads to 
significantly different results compared to the other systems (Figure 7.7b-d). Also, the 
material in the RR system behaves differently, because the acquisition time data (not 
shown) indicate that there is no zone 1 in the RR setup measured flow curves, at least as 
we define it, i.e. no stabilised acquisition time. Due to this, no further evaluation of zone 
1 properties according to the procedure described in the methods section was carried out 
using the RR system. However, it is apparent that the flow index ni would be negative 
before zone 2 starts for the RR system (ni would have been -0.13 , -0.25 and -0.05 for 0.5, 
1 and 2 wt%). A sirnilar behaviour was described by Nechyporchuk et al. (Nechyporchuk 
et al. 2014), comparing smooth and rough surface cone-plate systems. Optical 
visualisation revealed that there was wall slip on the smooth moving surface geometry, 
and a significant solids depletion layer on the rough, moving surface. They attributed the 
depletion (''water release") directly to the roughness and the deformation, since at the 
initiallow shear rates, no water release was seen. This is in very good agreement with the 
data presented in this work. From the two smooth systems (CC27 and CCI7), the smaller 
gap system CC17 shows slightly increased viscosity. This is initially unexpected because 
the depletion layer effect should become proportionally larger for a smaller gap (reducing 
the viscosity in the smaller gap), assuming a depletion layer thickness independent of the 
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gap (Bames 1995; Yoshimura and Prud'homme 1988). It cou Id, however, be hypothesised 
that the depletion layer could not stabilise in the presence of fibril flocs. In other words, 
the flocculated structures may have been so large in comparison to the measurement gap, 
that physical bridging occurred between the rotating and static geometry (alike the 
observations made by Saarinen et al. (Saarinen et al. 2009) in viscoelastic measurements). 
This then led to an apparently increased viscosity, compared to the larger gap system 
(CC27). Following the earlier reasoning, it may be concluded, that the viscosity ('10.02) 
data in Figure 7.7d is a side-effect for the CC and RR systems, and less pronounced in the 
VS system. Haavisto et al. (Haavisto et al. 2015) find that flow indices close to 0 (and 
smaller than ca. 0.2) are a clear indication for slip induced by a depletion layer. So, 
following their argumentation, the here presented zone 1 data VS system with flow indices 
between 0.10 and 0.16 may still be dominated by the presence of a depletion layer. It 
should be kept in mind, however, that depletion on a vane geometry may have different 
consequences for the contribution to artefacts as there is significantly less tangential 
surface area compared to complete concentric cylinder setups. Also, additional side effects 
like suspension fracture at the edges of the blades (Nechyporchuk et al. 2015) may be 
present in the VS system. So, without a direct observation of the flow dynamics of an 
MFC suspension in a VS system, the degree of susceptibility and the nature of potential 
measurement artefacts of the VS system remain unclear. Also, the transition region starts 
earlier for the VS system (Figure 7.7a), indicating an earlier ons et offlocculation because 
of a better shear transduction into the measurement gap, or a delay of the onset for the two 
CC systems due to slip, depletion or banding. As there is a constant, unidirectional shear 
in a flow curve experiment (strain deformation of the viscous suspension), the flow 
situation can be considered to be occurring outside the L VE, Le. no longer dominated by 
elastic interactions. So, the conclusions drawn from the zone 1 flow curve behaviour (i.e. 
more pronounced side-effects for non-VS systems) are in good agreement with the 
observations made at the end of the L VE (onset ofthe increase of the phase angle). 
With some exceptions, it seems that the end of zone 1 is shifted to higher shear rates when 
the solids content of the MFC suspension increases (Figure 7.7a). This indicates that the 
flocculation that is attributed to the transition region is hindered by a higher fibril 
concentration. In conjunction with the increase ofviscosity ('1002) with the solids content 
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(Figure 7.7d), it can be concluded that reorganisation of the fibril network is hindered by 
a higher fibril concentration. This is rather straightforward, assuming that there are more 
connection points and more entanglements in a higher concentrated suspension (Iotti et al. 
20 Il). Considering the standard deviations and the scatter of the flow indices (Figure 
7.7c), no clear trend, however, can be identified. 
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Description of zone 1 of the flow curve: end of zone 1 (a), 
power law parameters KI (b) and nI (c), and the 
interpolated viscosity at 0.02 S-I for the different 
measurement systems (CC27: smooth setup, VS: vane in 
serrated cup, CCI7: smooth setup) as a function of the 
suspension solids content. 
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The overall trends in zone 2 appear alike the ones seen for zone 1, when looking at Figure 
7.8. The ons et of zone 2 for the vs system happens at lower shear rates compared to aIl 
other systems (Figure 7.8a) and the consistency coefficient (K2) as weil as the high shear 
viscosity start point (17 100) are highest (Figure 7.8b and d) . We can see that the relative 
difference between the VS and the other measurement systems is, however, smaller 
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compared to the differences in zone 1 (Figure 7. 7b and d) . The flow index of the VS 
system, though, is found to be smaller compared to the other systems (Figure 7.8c). As in 
zone 1, an earlier onset of zone 2 for the VS system may indicate a better 
transmission/carry-over of the shear across the measurement gap. As reported by others, 
it is likely that the whole material in the measurement gap is sheared homogeneously at 
high shear rates (Nechyporchuk et al. 2014) with influences arising from depletion or other 
effects significantly suppressed. But apparently there are still sorne side-effects present 
overall as the zone 2 flow curves of the different systems are not identical. This is also 
supported by Kataja et al. (Kataja et al. 2017), who show that a depletion layer and/or 
solids content gradient layers remain present, even at high shear rates (volume flows). 
Interestingly, the start of zone 2, which is the change from a strongly flocculated system 
to a more homogeneous system (Karppinen et al. 2012), is shifted to lower shear rates for 
higher solids contents of the suspension (Figure 7.8a). Following the observation of 
Karppinen et al. 2012 (Karppinen et al. 2012), that "voids" (fibril-free, water-filled areas) 
are formed in the transition zone, it can be assumed that the size and volume fraction of 
these .voids increase with decreasing solids content, as more water can be released from 
the gel structure in zone 1. This then leads to a delay of the reorganisation of the floc 
structure into the more homogeneous dispersion. In contrast to the flow indices of zone 1 
(Figure 7.7c), the ones ofzone 2 (m, Figure 7.8c) follow a power law trend as a function 
of solids content (Table 7.2) and become smaller with increasing solids content of the 
suspension. This means that a higher solids content leads to a stronger shear thinning 
behaviour at increased shear rates. It is assumed that in zone 2, the suspension structure 
becomes more homogeneous (Haavisto et al. 2015; Karppinen et al. 2012) and/or more 
aligned (Iotti et al. 2011) with increasing shear rate. This will lead to less dynamic 
entanglements and therefore an eased flow. However, this does not preclude cooperative 
motion being considered to account for strong shear thinning, which has been seen and 
mode lied in generalised particulate suspension systems (Toivakka and Eklund 1994; 
Toivakka and Eklund 1995). Assuming that entanglements are the major contribution to 
the dynamic viscosity of an MFC suspension, then this means that at very high shear rates 
(with respect to the shear rate range investigated in this study) the viscosity does not 
depend as strongly on the solids content, because the structure is less randomly entangled 
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anyway, though the cooperative motion hypothesis may weil be stronger at higher solids 
content (Toivakka and Eklund 1994). However, at lower shear rates, still in zone 2, the 
viscosity is more strong1y dependent on solids content because there are still 
entanglements undergoing dynamic formation and break-up, and their dynamic 
interaction rate depends on the partic1e-partic1e encounters, and so, inevitably, on solids 
content. This hypothesised mechanism would then explain the stronger shear thinning 
behaviour at higher solids contents as the change from dynamic contacts towards 
stabilised homogeneous or cooperative flow occurs rapidly. The increase of the overall 
viscosity in zone 2 (11100) with the suspension solids content (Figure 7.8d) is still related to 
an increased amount of total contact points and entanglements (Jotti et al. 20 Il), and, thus, 
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Table 7.2: Fitting function parameters of selected flow curve 
properties. The fitting function variable x is the solids 
content, and y is the fitted modulus property. 
System Property (y) y = ax b 
a b 
CC27 K I 1.8 2.3 
VS K I 30 2.5 
CCI7 KI 2.2 2.9 
CC27 1'f0.02 90 2.2 
VS 1'f0.02 809 2.8 
CCI7 '70.02 108 2.7 
CC27 K 2 l.3 2.9 
VS K 2 8.0 2.8 
RR K 2 2.0 2.8 
CCI7 K 2 1.1 3.1 
CC27 m 0.41 -0.27 
VS m 0.29 -0.43 
RR m 0.37 -0.30 
CCI7 m 0.39 0 
CC27 1'f1 00 0.09 2.4 
VS 1'f1 00 0.27 2.6 
RR 1'f100 0.11 2.4 
CCI7 '7 100 0.09 2.5 
The transition zone depth, Lf min, is about the same for al! systems where a local minimum 
was identified (Figure 7.9a). This may indicate, that the same maximum degree of 
flocculation is achieved in al! systems. However, depending on the measurement setup, 
this happens at different shear rates (local minimum, Figure 7.9b). The CC27 system did 
not show a clear minimum, even though the flow curve and the acquisition time data 
indicate a transition zone. lt may be that the flocs in this system become as big as the 
measurement gap, or protrude into the transition wall and void regions, and therefore lead 
to blocking, interpreted as increased viscosity. The transition zone depth decreases with 
141 
the solids content ofthe MFC suspension. This is in good agreement with the observations 
made in zone 2, assuming bigger depleted voids and higher void shares also lead to a 
larger drop in viscosity. 
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Figure 7.9: 
7.6 Conclusions 
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2.5 
The aim of this work was to investigate the effects of different shear rheometer 
measurement setups on the observed rheological properties of MFC suspensions. 
Commonly used as well as newly proposed descriptors ofviscoelastic and flow curve data 
were compared. AIso, the potential mechanisms leading to the different results were 
proposed and discussed in relation to CUITent morphological models ofMFC suspensions. 
The viscoelastic measurements have shown that at very low deformations up to the elastic 
modulus maximum, where elastic interactions dominate the suspension response, 
commonly observed rheometric-induced side-effects (artefacts) like slip, solids depletion 
at the wall or shear banding only have a minor impact on the results. This finding of course 
may well be limited to the settings and conditions used in this study. It was seen that 
different commonly used measurement systems delivered very similar results. There is an 
indication, however, that the vane system with seITated wall cup (VS) is the least 
perturbation affected system. When the oscillation amplitude becomes larger, it seems that 
side-effects are induced in the smooth surface cylinder in cup (CC) and surface roughened 
(RR) setups, indicated by a very fast increase of the viscoelastic phase angle, and 
particularly an earlier onset ofthis increase compared to the VS system. 
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The flow curve data support the findings from the viscoelastic measurements. The lower 
viscosities and the later onsets of the transition region, respectively into zone 2, seen for 
the CC and RR systems compared to the VS system, indicate the presence of artefacts 
acting as side-effects. These observations are also well supported by recent publications 
where velocity profiling techniques reveal the flow dynamics of sheared MFC 
suspensions. The results presented here have shown that it is very likel y that the VS system 
is much less susceptible to side-effects also in this shear regime, and therefore should be 
preferred when characterising MFC suspensions. Yet further studies, specifically on a 
wide range of MFC suspensions and a variety of vane-based setups, involving velocity 
profiling methods, would be needed for verification ofthis hypothesis before considering 
it a generalisation. 
The trends of rheological parameters as a function of the MFC suspension solids content 
were also investigated. Despite the presence of side-effects that are suspected to be present 
in the CC and RR systems, most of the properties followed the same trends across the 
various geometries, independent of the measurement system used. 
To be able to compare rheological data quantitatively, like the ones presented here, the 
obtained data need to be parameterised accordingly. The , relevance in describing, for 
example, the onset points of different zones in the flow curves, or the limit of linearity in 
viscoelastic measurements, has been demonstrated here. 
With this work as a basis, further investigations on the rheology of MFC suspensions as a 
function of MFC type and material properties are planned, providing further insight 
concerning the relationship between rheology and the morphology of MFC fibrillar 
material in suspension. 
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7.8 Supplementary information 
7.8.1 Viscoelastic data 
Storage- and loss modulus data of the 0.5 wt% (Figure 7.10), 1 wt% (Figure 7.11) and 2 
wt% (Figure 7.12) suspensions obtained by the different measurement setups investigated 
in this study are presented here. Based on these datasets, the different viscoelastic 
properties were evaluated that are presented in Figure 7.4 and Figure 7.5 , as well as in 
Table 7.1 in the main article. 
It is apparent, that the VS system is not suitable for low modulus suspensions (0.5 wt% 
MFC suspension, Figure 7.10) at low shear stresses (small amplitudes), as the data is 
strongly tluctuating. These low shear rate data was omitted from the evaluation. The later 
onset of the decrease of both moduli (that is described by the increase of the phase angle 
in the main article) for the VS system is apparent for aIl suspension solids contents. The 
smooth CC27 system shows a characteristic increase of the loss modulus just before it 
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decreases for al! solids contents. AIso, the roughened CC27 system (RR) exhibits such a 
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Figure 7.10: Amplitude sweep data of the 0.5 wt% for the different 
investigated measurement setups. The fulllines represent 
storage modulus data (left y-axis) and the dashed lin es 
represent loss modulus data (righty-axis). The error bars 
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Figure 7.11: Amplitude sweep data of the 1 wt% for the different 
investigated measurement setups. The fulllines represent 
storage modulus data (Ieft y-axis) and the dashed lines 
represent loss modulus data (righty-axis). The error bars 
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Figure 7.12: Amplitude sweep data of the 2 wt% for the different 
investigated measurement setups. The fulllines represent 
storage modulus data (Ieft y-axis) and the dashed lin es 
represent loss modulus data (righty-axis). The error bars 
represent standard deviations. 













The individual flow curves of the 0.5 wt% (Figure 7.13), 1 wt% (Figure 7.14) and 2 wt% 
(Figure 7.15) obtained by the four different measurement systems used in this study are 
presented here. Based on the se datasets, the different flow curve parameters were 
evaluated that are presented in Figure 7.7 to Figure 7.9 and Table 7.2 in the main article. 
The strongly changing overall viscosity in dependence of the solids content is very 
apparent. The change of the end ofzone 1 and the increased overall viscosity level for the 
VS system at ail solids contents is obvious as weil. The apparent increase ofviscosity for 
the VS system at increased shear rates and especially at lower suspension solids contents 
is attributed to turbulent flow (Nechyporchuk et al. 2015). This data was omitted from the 
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Figure 7.13: Flow curves of the 0.5 wt% MFC suspension for the 
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Figure 7.14: Flow curves of the 1 wt% MFC suspension for the 
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Figure 7.15: Flow curves of the 2 wt% MFC suspension for the 
different investigated measurement setups. 
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7.9 Additional, unpublished data 
7.9.1 Influence of individual measurement setup geometries 
ln addition to using the different measurement setups, also only individual components of 
the measurement systems, i.e. cup or bob, were exchanged. Comparing data from such 
"mixed" systems (condition of bob and cup is different) with the respective "complete" 
systems (cup and bob are of the same condition) allows to identify what component of the 
measurement geometry (bob or cup) is dominating a certain property, or the rheological 
measurement in general. 
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To investigate this, the 1 wt% MFC suspension was measured additionally with 
combinations of either smooth or roughened CC27 geometries and combinations of 
smooth CC27 and vane, respectively serrated cup geometries. In aU cases, the bob, 
respectively the vane is the moving geometry, whereas the cup is static. 
7.9.1.1 Viscoelastic properties 
As already mentioned in the publication, the measurement system does not seem to have 
an influence on the properties below the yield point, i.e. when still in the L VE regime. It 
is therefore not surprising that the storage- as weIl as the 10ss modulus ( G 'max and G "lin) 
are about the same for aU measurement systems, independent of their configurations 
(Figure 7.l6 and Figure 7.17). This also applies generally to the smooth and roughened 
CC27 systems, where most of the properties were very alike, and so also for the mixed 
system, no significant differences are expected (Figure 7.17). However, for the LoL and 
the yield stress, a significant difference between the VS and the CC27 system was seen, 
and consequently, a difference is seen for the respective mixed systems (Figure 7.l6). 
Like the VS system, the vane in smooth cup system provides increased LoL and fy,tl values 
compared to the CC27 and the smooth bob in serrated cup system. The data furtherrnore 
suggests that the vane, respectively the smooth bob overaU dominate the measured 
properties (as the absolute values of the respective systems are very alike). There seem to 
be minor deviations from those trends, e.g. for the phase angle data of the CC27 and the 
smooth bob in serrated cup systems or the LoL and yield stress data of the RR and the 
smooth cup and rough bob systems. However, considering the typicaUy high standard 
deviations (see e.g. Figure 7.11) for this data, they probably can be neglected. 
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Figure 7.16: Viscoelastic properties of the 1 wt% MFC suspension, 
measured with the CC27 and the VS system, as weU as 
with mixed setups, i.e. CC27 bob with serrated cup and 
vane with CC27 cup. 
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Figure 7.17: Viscoelastic properties of the 1 wt% MFC suspension, 
measured with the smooth and roughened CC27 system, 
as weil as with mixed setups, i.e. smooth bob with 
roughened cup and roughened bob with smooth cup. 
7.9.1.2 Flow curve properties 
From the data presented in the publication (e.g. Figure 7.7 and Figure 7.8), it is apparent 
that the measurement system can lead to different values of most of the flow curve 
properties, especially the VS system in comparison with the other systems. Together with 
the data of the mixed systems, it is very apparent again, that the moving geometry is 
determining the properties (Figure 7.18 and Figure 7.19). There seems to be an additional 
difference between the power law coefficients of the VS, the CC27 and the respective 
mixed systems (Figure 7.18). However, without having standard deviations, a sol id 
conclusion is not possible. Unfortunately, the data treatment procedure used for this 
experimental study, as explained in the publication, does not aIlow to calculate standard 
deviations (due to the averaging of the triplicate flow curve data) . If aIl single data points 
are used for the fitting instead, respective standard errors for the fitted parameters can be 
calculated by the used software (Origin 2017). Figure 7.20 shows the recalculated data for 
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the power law parameters n and k for the zone 1 and 2 flow curve sections. It is very 
apparent, that the zone 1 properties have a higher standard deviation compared to the 
respective zone 2 properties. As a consequence, potential differences of zone 1 parameters 
between systems having the same bob (vane) condition become insignificant. However, 
ail of the differences of the zone 2 properties in ail different systems appear to be 
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Figure 7.18: Flow curve properties of the 1 wt% MFC suspension, 
measured with the CC27 and the VS system, as weil as 
with mixed setups, i.e. CC27 bob with serrated cup and 
vane with CC27 cup. 
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Figure 7.19: Flow curve properties of the 1 wt% MFC suspension, 
measured with the smooth and roughened CC27 system, 
as weIl as with mixed setups, i.e. smooth bob with 
roughened cup and roughened bob with smooth cup. 
Please note, that the K, and n, data of the RR and the 
Smooth cup with rough bob have to be taken with care 
(see main publication for further information). 
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Figure 7.20: 
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Power law fitting parameters of zone 1 and 2 flow curve 
sections of the 1 wt% MFC suspension, including the 
standard error of the respective parameters as calculated 
by the fitting software. Please note that the mean values 
are the same as presented in Figure 7.18 
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7.9.2 Conclusions 
At small and slow deformations, i.e. at the end of the LVE range and at low shear rates, it 
seems reasonable to assume that the material ' s response is limited to the volume close to 
the moving geometry; especially when the measurement gap is rather large in comparison 
to the suspension's characteristic length scales (e.g. particle- or aggregate size) and the 
suspension exhibits a complex rheology. However, when the suspension is sheared over 
the complete gap, one would expect, that the condition of the static geometry also has an 
influence on the measurement values. The present data, where m, K2, 'lI DO and probably 
the start of zone 2 are properties where the complete gap is sheared, seems to support this 
partially (Figure 7.20). On the one hand, the zone 1 properties are the same (or at least not 
significantly different from each other due to strongly overlapping standard deviations) 
for a given moving geometry, i.e. vane vs. smooth bob. On the other hand, the zone 2 
properties are different for each setup of geometry conditions. But again, it appears that 
the influence of the condition of the moving geometry is stronger compared to the 
condition of the static surface. 
Despite the interesting evidences on the influence of respective measurement setup 
geometries on 
certain flow curve properties, no further work was carried out in this area, e.g. not further 
data was recalculated to get an idea on standard deviations or -errors, or no further 
combinations of measurement system conditions were tested. On the one hand, additional 
characterisation methods that would allow to test morphological hypotheses would have 
been missing, and on the other hand, it was not the focus of this PhD work. Yet, this 
additional data supports the findings of the related publication and further justifies the 
decision to use the VS system for further rheological investigations of MFC suspensions. 
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Chapter 8 - Article 3: Quantification of flow curve hysteresis 
data - a novel tool for characterising microfibrillated 
cellulose (MFC) suspensions 
Published article. 
Michel Schenker, Joachim Schoelkopf, Patrick Gane, Patrice Mangin; Applied Rheology; 
2018; 28(2); 22945; doi: 10.3933/ApplRheol-28-22945 
8.1 Foreword 
Firstly, this work can be considered as an extension of the previous work presented in 
Chapter 7 - as it presents yet another way of evaluating and quantifying rheological data. 
Secondly, a special focus was put on the statistical evaluation of the obtained data. The 
work resulted in a rather simple ca1culation procedure to obtain hysteresis data from flow 
curves. This protocol even allows one to compare directly the respective hysteresis data 
of MNFC suspensions having different solids contents, which is not straightforward 
because of the strong solids content dependency of the apparent viscosity. The further 
evaluation of the data obtained in this work (but which wasn 't published) also has shown, 
that the general protocol of using triplicate measurements to evaluate the rheological 
behaviour ofMNFC suspensions is generally sufficient to obtain reproducible data. 
8.2 Abstract 
A novel method is introduced to describe quantitatively hysteresis seen in flow curves of 
microfibrillated cellulose suspensions. Also, a data normalisation procedure is presented 
that allows a direct comparison of data from suspensions of different solids contents. The 
discussion of the flow curve h ysteresis of an MFC suspension is proposed to provide a lot 
of information on the suspension morphology under flow. Such information is not only 
useful for process design, but also may serve as a quality control too1. Hysteresis data as 
a function of the suspension solids content are provided, and considered with reference to 
an overview made of peer work in the field. Two discrete hysteresis loop areas were found 
in the flow curves presented in this work, each associated with a distinct shear rate region, 
one where the viscosity of the flow curve during shear rate increase is higher than that of 
the shear rate flow curve at decreasing shear rate (named positive hysteresis) and another 
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where it is the opposite (named negative hysteresis). This behaviour seems to have been 
rarely reported, and where reported we offer an explanation, based on morphological 
models and rheometer measurement set up, as to why other researchers may find a variety 
of hysteresis forms. It is hypothesised that the negative normalised hysteresis is mainly 
depending on the excessive flocculation/structuration induced at intermediate shear rates 
during the shear rate increase, and that it is necessarily less with increasing solids content 
because of the reduced availability of free water. The positive normalised hysteresis, 
however, is considered to originate from the different morphologies at lower shear rates, 
i.e. the initial, homogeneous structure vs. the structure that was previously induced by the 
intermediate shear during shear rate decrease. The positive normalised hysteresis appears 
not to depend on the solids content, indicating a self-similarity or scaling behaviour of the 
structuring with respect to the underlying network structure. 
8.2.1 Keywords 
Microfibrillated cellulose, suspension, flow curve, hysteresis, morphology, quantification 
8.3 Introduction 
In recent years and currently, the potential for micro- and nanofibrillated cellulose 
materials (MFC, NFC) in various applications continues to be exploited intensively, not 
only by academia, but also by the industry [1-3]. The reason for this is the material's 
versatility, its interesting mechanical properties and of course the abundancy and 
sustainability of its raw feed source [4]. The coarser MFC grades (referring to the 
nomenclature proposai by Kangas et al. [5], whereby the tenn NFC should be used for 
materials containing only fibrils with width on the nanometre scale), are especially 
interesting for high volume applications due to the lower production energy requirements 
that enable lower costs [6] and higher volume productions [7]. Whilst abiding by the 
definition of Kangas et al. [5], it is important to recognise that MFC itselfwill inevitably 
display nanofibrillation on the microfibre surface, leading on occasions to the term micro 
nanofibrillated cellulose (MNFC). As these grades naturally have a broad fibril size 
(widths) distribution, and may have different fibril morphologies depending on the 
fibrillation processes, individual products may exhibit differing sets ofproperties and each 
may be more, or less, suitable for a specific application. 
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To be able to select an adequate MFC product, a meaningful characterisation is necessary, 
and so lately also sorne effort is being put into developing procedures to classify the 
various MFC grades [5,8]. The common findings are typically that a single 
characterisation method is not sufficient and that even a set of properties provides limited 
comparability for MFC grades of different origin, e.g. from different raw materials and/or 
derived via different pre- and post-fibrillation treatments. By getting a better 
understanding of the MFC (suspension) morphology, data obtained from different 
characterisation techniques may be understood better and more detailed interpretation may 
be possible. Even though rather indirect, rheo10gical investigations can, if applied 
judiciously, provide essential insights into the suspension morphology. Therefore, the 
combination of direct and/or indirect imaging techniques with rheology measurement 
techniques are very strong tools to test hypothesised mechanistic models [9-12]. Yet, to 
be able to compare data of different studies, it is necessary to quantify the observed data 
and describe the used measurement parameters with an adequate level of detail. The latter 
is of special importance for MFC suspensions as they exhibit a complex rheology, 
including shear rate- as weil as time-dependencies. These inherent properties in 
connection to the fact that they are at least two-phase (heterogeneous) hydrocolloids can 
lead to many measurement-induced artefacts, that also can depend strongly on the 
measurement parameters [13-15]. 
Whereas it is very common to report different viscosity numbers and storage and loss 
moduli, it is rare that further rheological properties are reported for MFC suspensions. 
Flow curves (viscosity as a function of shear rate) as weil as amplitude and frequency 
sweep graphs are also provided sometimes [16,17]. Several articles specifically 
investigate the rheology of MFC suspensions, commonly using shear rheometers [14,18-
22], but also pipe rheometers are used [23,24] , sometimes even coupled with additional 
techniques to get more direct information on the suspension morphology [10,11,22,25]. A 
comprehensive and extensive review on recent developments in measuring the rheology 
of micro- and nanofibrillated cellulose suspensions is provided by Nechyporchuk et al. 
[26]. Yet, especially the information within flow curve graphs is typically not quantified. 
This is unfortunate, especially for a materiallike an MFC suspension that exhibits a very 
distinct flow behaviour, e.g. a discontinuous power law shear thinning flow curve, 
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composed of different regions [17,19,27,28]. A recent study by Schenker et al. [13] 
proposed several descriptors to describe quantitatively amplitude sweep measurements 
and flow curves, yet, only the shear rate increasing ramp of the flow curve is evaluated. 
This is especially highlighted because it was shown before, that MFC suspensions have 
different flow curves, depending on the direction of the shear rate profile, i.e. from low to 
high and vice versa. This behaviour is expressed as the hysteresis areas between the two 
flow curves when they are overlaid [9,19,29]. As described by Martoïa et al. [9] and Iotti 
et al. [19], this phenomenon can be attributed to different suspension morphologies, that 
originate from the different shear histories of the two tlow curves. So, the hysteresis itself 
contains sorne information on the different morphologies at different shear rates, and 
therefore is a very promising property for deriving morphological models of MFC 
suspensions under tlow. 
The content of this work aims at comparing different approaches on how to describe the 
hysteresis in a useful way, and then to investigate those hysteresis derived properties in 
dependence of solids contents of the MFC suspension. The obtained data are tested 
statistically to identify wh ether potential trends are significant or not. Finally, the data are 
discussed with a view on existing morphological models of sheared MFC suspensions and 
a direct comparison made with hysteresis data seen from previous researchers' work. This 
work appears to be the tirst to propose the use of quantitative flow curve hysteresis data 
ofMFC suspensions to derive mechanistic models. Further work is then carried out, to be 
reported in an upcoming study, to test the applicability ofthis promising characterisation 
method on different grades of MFC. 
8.4 Experimental 
8.4.1 Materials 
The materials used in this work are the same as those studied previously by Schenker et 
al. [13,29]. As described previously, the MFC was manufactured by a purely mechanical 
process [29]. Brietly, bleached eucalyptus pulp was mechanically disintegrated as 3 wt% 
aqueous (tap water) suspension by means of an ultratine friction grinder 
(Supermasscolloider MKCA 6-2, Masuko Sangyo Co., Japan). The method employs 
single passes at different grinder rotational speeds. The total electrical energy 
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consumption normalised by the amount of dry cellulose matter, defined as the specifie 
grinding energy, was 7.2 kWhkg-1• This process of mechanieal fibrillation leads typically 
to a broad size distribution [10] , i.e. containing both coarse fibres as weIl as individua1 
fibrils (Figure 8.1). Thus, is it classified as MFC rather than NFC. In addition, since the 
MFC was not further modified, it forms a floceulated structure aeeording to the description 
of Nechyporchuk et al. [26]. The starting suspension was diluted to l , 1.5 and 2 wt% for 
use by further addition oftap water, followed by 2 min mixing at 12000 min-1 (rpm) in a 
rotor stator mixer (Polytron PT 3000, Kinematica, Switzerland) followed by 5 min 
exposure in an ultrasonic bath. Prior to performing measurements, the diluted samples 
were left to stand for at least one hour. 
Figure 8.1: Optical microscopy image ofMFC suspension at 0.5 wt% 
(top left), and SEM images of freeze-dried aerogels from 
0.5 wt% suspensions at increasing magnifications (top 
right), (bottom left) and (bottom right). Sorne left over 
coarse fibres are apparent, as weil as sorne individu al and 
isolated fibrils. [Taken from Schenker et al. [13)] 
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8.4.2 Imaging 
Optical microscopy was the pnme method of imaging (Axio Imager.M2m, Zeiss, 
Switzerland). Sample preparation consisted of diluting the MFC suspension to 0.5 % 
(w/w) and then adding carboxymethyl cellulose (Finnfixl0, CP Kelco, Finland), made 
down to 1 wt% solution as a dispersing agent, at an amount equivalent to 5 wt%, based 
on dry weight of MFC prior to mixing and ultrasonication. 
One drop of the prepared MFC suspension was placed between two glass slides for 
examination in the optical microscope. 
A second portion of the sample suspension was frozen in liquid nitrogen and freeze dried 
(Apha 1-2 LD Freeze Dryer, Martin Christ Gefriertrocknungsanlagen GmbH, Gennany). 
A piece of the resulting aerogel was broken away from the sample and mounted on a 
support and sputtered with gold (8 nm) to enable imaging of the internaI MFC aerogel 
structure by scanning electron microscopy (SEM) (Sigma VP, Zeiss, Switzerland). 
8.4.3 Rheological measurements 
Ali the measurements were performed on an MCR 300 rheometer (Anton Paar, Austria) 
at 20 oC, equipped with a vane (six blades) in serrated (length profiled) cup system (vane: 
ST22-6V -16, diameter dvane = 22 mm, cup: CC27 -SS-P, diameter dcup = 28.88 mm, profile 
depth = 0.5 mm, profile width = 1.65 mm), also supplied by Anton Paar (VS). This 
measurement system was selected because it appears to be less prone to produce 
measurement system-related artefacts, like shear banding or water depletion and 
connected apparent wall slip. In recent work, Schenker et al. [13] came to this conclusion 
by comparing different commonly used measurement systems and their influence on flow 
curve properties. 
Flow curves (viscosity 1'/ in dependence of the shear rate y) were recorded by perfonning 
an automated shear rate increase ramp from 0.01 to 1 000 S-I directly followed by a shear 
rate decrease ramp from 1 000 to 0.01 S- I. 30 log- equidistant distributed point 
measurements were perfonned for each ramp, ail with automated acquisition time mode 
and shear rate control. Further infonnation on the automated acquisition time setting can 
be found in [30]. The tested shear rate points Yi can be calculated according to 
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5 i-l Yi = 0.01 . 10( 129) çl Equation 8.1 
Minimal and maximal acquisition times are 15.2 and 500 s respectively, however, 
typically only the fifst measurement point (shear rate of 0.01 S-I) shows acquisition times 
around and longer than 300 s. The automated acquisition time setting is chosen, in order 
to let the suspension equilibrate at a given shear rate before determining the viscosity. This 
is of special importance in the transition region (non-power law region of the shear rate 
increasing curve Hl " in Figure 8.2), where it is hypothesised that a dynamic aggregation 
process is taking place. A respective, detailed discussion was provided recently by 
Schenker et al. [13 ,30]. 
For each of the 3 MFC suspension dilutions, 3 individual makedowns were produced, 
where each makedown was characterised from its own individual measurements which 
were repeated 3 times, creating 9 separate rheometer measurements per dilution. 
Figure 8.2 shows a typical flow curve obtained in this work. The typical three region 
behaviour can be seen for the flow curve of the increasing shear rate (H 1") ramp-up 
[9,13,31], as weIl as the measurement set-up induced artefact at the very highest shear 
rates [13]. The flow curve of the decreasing shear rate ("2") ramp-down does not exhibit 
such clearly defined regions, yet there are indications that also two different regions with 
different power law parameters can be found [19]. Very apparently, the two flow curves 
are not identical over the whole shear rate range, creating two separate hysteresis areas. 
At low shear rates, the viscosity of the increasing shear rate ramp-up is higher compared 
to the decreasing shear rate ramp-down at a given shear rate (+). The end of the positive 
hysteresis (Ya) is defined as the last shear rate where the viscosity of the increasing shear 
rate ramp 111 is larger than the viscosity of the decreasing shear rate ramp 112. At 
intermediate shear rates, the opposite can be observed (-), and, at even higher shear rates, 
there is no or only an insignificant difference between the two flow curves. The end of the 
negative hysteresis (Yb) is defined as the first shear rate where the viscosities ofboth flow 
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Typical flow curve of an MFC suspension characterised 
in this work, showing the positive (+) and negative (-) 
defined hystereses. The in sert shows schematically the 
application of trapezia and triangles to determine the 
hysteresis area. 
The first method aims to describe the actual hysteresis area, i.e. the actual area between 
the two flow curves. For the sake of simplicity, the area is not analytically integrated, but 
the trapezium rule approximation is employed, where the individual trapezia are made up 
from neighbouring viscosity curve differences and their shear rate differences, which are 
then summed discrete1y: 
Equation 8.2 
HÀ- = ~ IIi (Yi+! - Yi) (7h (Yi) - 172 (ya + 1h (Yi+l) - 172 (Yi+!)) ) 1 : for Ya+! < Yi < Yb 
Equation 8.3 
with HÀ+ and HÀ- being the positive and negative absolute trapezia sum, respectively, 
and rh (Yi) and 172 (ya being the viscosity of flow curve 1 and 2 at the shear rate Yi ' 
To capture also the rates of change of area at the crossing of the viscosity curves, the 
respective area adjoining either side the boundary with the crossing point, i.e. that spanned 
by the shear rates before and after the crossing point, can be expressed as two triangles 
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(each equivalent to a trapezium with one side zero length), and thus used to approximate 
the area growth each side of the crossing point as: 
Equation 8.4 
H" = 1'71 (Ya+l) - '72 (Ya+l) . ( . - ' ) - h) 1 
A- 2 Ya+l Ya Equation 8.5 
h = (Ya+l - Ya)(1Jl (Ya) -1J2(Ya)) 
(1Jl(Ya) -1J2(Ya)) + (1J2(Ya+l) -1Jl(Ya+l)) Equation 8.6 
with Hi..~ and Hi..*- being the positive and negative absolute triangle and h being the height 
of the positive triangle. 
The respective trapezia sum and triangle are summed together to get the positive (HA+) 
and negative (HA-) abso/ute hysteresis, respectively: 
Equation 8.7 
Equation 8.8 
The second method uses the same approach as used for the absolute hysteresis, but the 
trapezium areas are normalised by the mean viscosity that is defined by the two viscosity 
pairs (the two parallel sides of the trapezia): 
H' = 2 l ((ri+l - r;) (rh (r;) - TI2 (r;) + YJl (ri+l) - YJ2 (ri+ l) )) . ~ . < . 
N+ ( . ) (' ) ( ' ) ( ') . or y, Ya 
. YJl Yi + YJ2 Yi + YJl Yi+l + YJ2 Yi+1 , 
Equation 8.9 
H* - 21I ((ri+1 - r;)(1h (r;) - YJ2 (r;) + YJl (ri+l) - YJ2 (ri+l) )) 1· f . <' . 
N- - (' ) ( ' ) (') ( ' ) . or Ya+1 Yi < Yb 
. YJl Yi + YJ2 Yi + YJl Yi+1 + YJ 2 Yi+l , 
Equation 8.10 
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with HN+ and HN_ being the positive and negative normalised trapezia sum, respectively. 
AIso, the triangle areas, as before, representing the area growth behaviour either side of 
the crossing point are normalised using the following formulae: 
Equation 8.11 
Equation 8.12 
with HN,+ and HN*- being the positive and negative normalised triangle hysteresis area. 
The trapezia and triangle areas are again surnmed up to give: 
Equation 8.13 
Equation 8.14 
with HN+ and HN- being the positive and negative normalised hysteresis, respectively. 
The third method aims to describe the data as it is presented in a log-log plot (Figure 7.2), 
so instead oflooking at viscosity differences, the viscosity ratios are evaluated. As for the 
previously described methods, the hystereses are calculated by summing up trapezia and 
triangle areas. The calculation for this approach is simplified because the height of the 
trapezia is constant. To ease the calculations further, the constant length was set to 1, and 
the respective term for the height was removed completely from the calculations: 
• 1 ~ ( '71 ua rh CYi+l)) . . 
HR+ = iL log-n+ log C·. ) : for Yi < Ya 
i TJ2 Yt TJ2 Yt+l Equation 8.15 
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H* l '" (1 111 (ya 1 rh (Yi+1)) f' . . R- = 2" L og----r1 + og c. ) : or Ya+1 < Yi < Yb 
i r72 Yt Tl2 Yt+1 
Equation 8.16 
with HR+ and HR- being the positive and negative relative trapezia sum, respectively. The 
positive and negative relative triangle areas (HR~' HR*-), as weil as the positive and 
negative relative hystereses (HR+, HR-) were then ca1culated as follows: 
log TIl (~a) 
W * - Tl2 (Ya) 




Thefourth method is a very simple alternative to ca1culate the relative hysteresis. Hence, 
instead of ca1culating the hysteresis areas, only the viscosity ratios are summed up (that is 
the same as summing up the log quotient of the viscosities): 
H '" (1 TIl (Yi))" . . RS+ = L og ----r1 : Jor Yi ~ Ya 
i Tl2 Yt Equation 8.21 
H '" (1 TIl (Yi)) ". . . RS- = L og-( .. ) : Jor Ya+l < Yi < Yb 




with HRS and HRS- being the positive and negative relative hysteresis calculated by the 
simplified method, respectively. 
For aIl the different hysteresis types, a total hysteresis was calculated (SUffi of the 
magnitudes of the respective positive and negative hysteresis, HA, HR' HRS and HN), as 
weIl as the positive share in % ofthe total hysteresis (HM/HA' HR+/HR' HRS /HRS and 
HN+/HN)· 
Finally, also the "positioning" of the two different hystereses is characterised: the end of 
the positive hysteresis (Ya) is defined as the la st shear rate where 711 > 712 and the end of 
the negative hysteresis (Yb) is defined where 711 == 712 for the first time after 711 < 712. AIso, 
the respective "length" of the hysteresis is described by summing up the log-equidistantly 
distributed number of point measurements i (for the similarly defined point separation) 
within a respective hysteresis (l+, L). Please note that this method leads to a value 
depending on the acquisition settings of the rheometer. However, as long as the settings 
are consistently the same within a study, the thus obtained length data can be compared 
without any problems. 
The hysteresis parameterising data described above, consisting of nine individual 
measurements per dilution, are presented in box charts (see e.g. Figure 8.4a) containing 
the data median (line), me an (triangle), 25 to 75 percentile (box) and minimum to 
maximum range (whiskers). The hysteresis position properties data are presented 
differently because box charts are not suitable. Here, the individual values are shown 
(hollow diamonds) instead of the percentile box. The mean and median data are presented 
the same way as described for the other hysteresis data. 
Firstly, a normality test (Shapiro-Wilk, 0.05 significance level, Origin 2017) was carried 
out on the data points within each dilution and given property in order to identify potential 
grouping effects. Secondly, an analysis of variance test (ANOVA, 0.05 significance level, 
Origin 2017) was carried out among the different levels of dilution within each property 
separately. The test not only reveals whether different dilutions (mean values) at a given 
property are significantly different from each other, but also provides the strength of effect 
and the test power. For data where a significant difference was identified, a me an 
comparison test (Tukey, 0.05 significance level, Origin 2017) was carried out additionally 
to identify which combination of datasets were different. As the hysteresis position 
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properties (end and length of positive and negative hysteresis) appear to be not nonnally 
distributed and have discrete values, a Kruskal-Wallis test was carried out for these data 
instead [32]. 
8.5 Results and discussion 
8.5.1 Morphological model 
The presence of the so called "rheological hysteresis" in complex fluids is weil known 
and attributed to the time-dependence of their viscosity, i.e. their thixotropy [33]. The 
reason for thixotropic behaviour is very often a morphological change of the fluid that is 
induced by defonnation (shear), e.g. orientation of macromolecules, phase separation or 
other structural reorganisations. MFC suspensions are weil known also to undergo 
morphological changes under flow, leading for instance to the typical discontinuous shear 
thinning behaviour [13,31,34], but also to hysteresis [9,17,19,35]. The hysteresis between 
the increasing shear rate viscosity curve and the decreasing shear rate viscosity curve is 
typically explained by different structures that depend on the shear history and the 
characteristically long relaxation times (= the time needed for a non-equilibrium structure 
induced at a given shear rate to transform back to its equilibrium structure). For the 
following discussions, it should be noted that the mechanistic model of Martoïa et al. [9] 
is followed, and that this is weil supported by, for example, Karppinen et al. [31] and 
Schenker et al. [13] for the shear rate increase part of the flow curve. ln short, they explain 
the observed positive hysteresis (present at lower shear rates, as seen in this work, Figure 
8.2) as originating because the initial structure (low shear rates of the increasing shear rate 
curve) is homogeneous, and has, therefore, a higher viscosity compared to the more 
flocculated structure that was induced by intennediate shear rates (on the decreasing shear 
rate ramp). It is apparent that the negative hysteresis is mainly caused by the "dip" of the 
increasing shear rate flow curve (Figure 8.2). Following the argumentation of Schenker et 
al. [13] , based on findings of Karppinen et al. [31] , this behaviour is related to the 
fonnation of loosely bound flocs and water-rich voids, reducing overall viscosity. It is 
interesting to note, that there is no su ch dip (or a lot less pronounced one) at the same 
shear rates in the decreasing shear rate ramp. So, it is possible to assume that the 
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flocculated structure that is induced by the high shear rates differs from the (flocculated) 
structure at the lower shear rates. 
8.5.2 Flow curves 
Figure 8.3 shows the averaged flow curves of the 1, 1.5 and 2 wt% MFC suspensions 
investigated in this work. Positive as weil as negative hysteresis areas can be seen in ail 
curves, and it is apparent that the negative hysteresis becomes smaller with increasing 
solids content. As is to be expected, the overall viscosity levels increase with the solids 
content. The quantitative evaluation of the hysteresis of these flow curves, as well as the 
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Figure 8.3: Flow curves of averaged data for 1 (circles), 1.5 
(triangles) and 2 wt% (squares) MFC suspensions 
including standard deviations (error bars). The full 
symbols represent the data during shear rate increase 
and the hollow symbols represent the data during shear 
rate decrease, respectively. 
8.5.3 Influence of solids content on hysteresis properties 
When comparing the data spread in the following Figures (Figure 8.4 to Figure 8.6) with 
the standard deviations shown in Figure 8.3, they may at first sight appear inconsistent. 
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However, it should be kept in mind that the standard deviation is inversely scaled with the 
square root of the number of sample points, n, so becoming smaller with an increasing 
number of data points. Thus, the data in the following graphs do not show a standard 
deviation, but quantiles, and maximum and minimum values (so the complete data 
spread). 
It is very apparent from the data in Figure 8.4a that the positive absolute hysteresis (HA+) 
increases significantly (Table 8.1) with the solids content, keeping in mind the logarithmic 
scale. This is not surprising if one considers the overall viscosity increase with the solids 
content (Figure 8.3) and that HA+ is ca1culated from absolute viscosity values without any 
normalisation (Equation 8.2 to Equation 8.8). Keeping this in mind, at first the trend 
observed for the negative absolute hysteresis HA- appears counterintuitive, cf. Figure 8.3 
and Figure 8.4b. This can, however, be explained straightforwardly, once again, in terms 
of the strongly changing overall viscosities. Aiso for the same reason, the total abso/ute 
hysteresis HA, Figure 8.4c, as well as the positive share HA+/HA, Figure 8.4d, are basically 
just depending on the positive abso/ute hysteresis. To undertake a separate evaluation of 
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Figure 8.4: Box charts of absolute hysteresis data: (a) positive 
absolu te hysteresis (HA+), (b) negative absolute hysteresis 
(HA-), (c) total absolute hysteresis (HA) and (d) positive 
absolute hysteresis in respect to the total absolute 
hysteresis (HA+/HA). Please note that the scales for HA+ 
and HA are logarithmic. 
As seen in the discussion before, the absolute hysteresis data are very strongly dominated 
by the initial, low shear rate data due to the strongly shear thinning- and solid content-
depending nature of MFC suspensions. To be able to decouple this effect, the 
normalisation was introduced according to Error! Reference source not found. to 
Equation 8.14. These data are presented in Figure 8.5. The dependency of the positive 
normalised hysteresis HN+ on the solids content seems to have vanished (there was no 
significant difference found by the ANOVA test, Table 8.1). This contrasts with the HA+ 
data, yet it reflects directly the situation seen in the log-log flow curve diagram (Figure 
8.3). Furthermore, the normalised data show clear trends (statistically significant, Table 
8.1) that an increase in solids content leads to a decrease in the negative and total 
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normalised hystereses HN- and HN (Figure 8.5b and c) and an increased share of the 
/ 
positive normalised hysteresis H N+/H N (Figure 8.5d). The normalisation proves to be very 
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Figure 8.5: Box charts of normalised hysteresis data: (a) positive 
normalised hysteresis (HN+), (b) negative normalised 
hysteresis (HN-), (c) total normalised hysteresis (HN), and 
(d) fraction of positive normalised hysteresis in respect to 
the total normalised hysteresis (HN+/HN). 
It is apparent, that the normalised hysteresis data (Figure 8.5) and the relative hysteresis 
data (Figure 8.6) have very alike trends. This is supported by the statistical test data (Table 
8.1), except for the positive hysteresis where the normalised data show no trend with the 
suspension solids content, but the relative data do. However, the low power of the 
ANOV A test for HN+ already indicates that the chance is high, that a significant difference 
is not found by the test. Furthermore, the strength of effect for the positive relative and 
176 
nonnalised hysteresis is small (in general, but also compared to the rest of the tested data). 
This indicates that even if there is a trend, the dependency of HN+ and HR+ on the 
suspension solids content will be small. As is to be expected, the relative hysteresis data, 
like the nonnalised hysteresis data, are not affected by the overall viscosity levels, because 
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Figure 8.6: Box charts of relative hysteresis data: (a) positive relative 
hysteresis (HR+), (b) negative relative hysteresis (HR.), (c) 
total relative hysteresis (HR), and (d) fraction of positive 
relative hysteresis in respect to the total relative 
hysteresis (HR+/HR). 
It was found that the relative hysteresis data obtained by the simplified method (line 
summation) correlate very weIl (,-2 > 0.99 for ail data sets) with the relative hysteresis data 
obtained by the extensive procedure (Figure 8.7), so no box charts are provided. The 
ANOV A test resuJts are almost identical for both approaches (Table 8.1) as weIl, 
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Table 8.1: Statistical test decisions including the ANOV A test power 
and strength of effect for hysteresis data. 
Property ANOV A result Test Effect Significant pair-wise 
(a = 0.05) power strength comparisons 
(a = 0.05) 
HA+ Significantly different 0.92 Ail 
HA- Significantly different 0.89 0.37 1 - 1.5 wt%, 1 - 2 wt% 
HA Significantly different 0.92 Ail 
HA+/HA Significantly different 0.63 All 
HN+ Not significantly 0.35 0.13 
different 
HN- Significantly different 0.70 AlI 
HN Significantly different 0.71 Ail 
HN+/HN Significantly different 0.98 0.48 1-2 
HR+ Significantly different 0.9 0.32 1 - 2 wt%, 1.5 - 2 wt% 
HR- Significantly different 1 0.74 AlI 
HR Significantly different 1 0.72 All 
HR+/HR Significantly different 0.66 1 - 1.5 wt%, 1 - 2 wt% 
HRS+ Significantly different 0.78 0.30 1 - 2wt% 
HRS- Significantly different 0.74 All 
HRS Significantly different 0.70 AlI 
HRS+/HRS Significantly different 0.66 1 - 1.5 wt%, 1 - 2 wt% 
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As mentioned in the methods section, the data of the hysteresis positioning were not 
normaIly distributed (non-Gaussian), and, therefore, not presented as box charts (Figure 
8.8). As aIl these data are based on shear rate values that are predefined by the rheometer 
software and the measurement settings, they are discrete. The different data groups that 
are apparent next to each other in Figure 8.8a and b, for instance, represent data of adjacent 
pre-set measurement shear rates (0.24, 0.36 and 0.53 S-I for Ya , respectively, 3.86, 5.74 
and 8.53 S-I for Yb). For aH properties except the end of the positive hysteresis, and 
corresponding hysteresis length (Ya, 1+), both of which must have the same test results 
anyway in a parametrised test, a significant difference was found for the different solids 
contents (Table 8.2). The pair-wise test only identified a difference between 1 and 2 wt% 
for aH these properties. Looking at the data directly then shows, that the median values of 
those data-pairs are just one value apart from each other, so the effect strength is low. Due 
to the nature of the present data, as discussed above, it is difficult to identify a potential 
trend. Yet, with sorne caution, it may be hypothesised that the end and the length of the 
negative hysteresis (Yb' L) as weIl as the total hysteresis length (1) decrease with increasing 
solids content, provided the increase in solids content is large enough. 
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Figure 8.8: Hysteresis positioning data: (a) end of positive hysteresis 
(l'a), (b) end of negative hysteresis (Yb), (c) length of 
negative hysteresis (1-) and total hysteresis length (l), and 
(e) fraction of positive hysteresis in relation to the total 
hysteresis length (1+/1). The positive length data (1+) are 
not presented because the distribution is identical to l'a' 
Table 8.2: Statistical test decisions for the hysteresis positioning 
data. Even though the test for the fractional contribution 
of the positive length in respect to total hysteresis length 
(1+/1) has provided a decision in favour that there is a 
significant difference among the data sets for the 
different solids contents, the pair-wise test, however, did 
not id en tif y a significantly different dataset. 
Property Kruskal-Wallis result Significant pair-wise 
(a = 0.05) comparisons 
(a = 0.05) 
Ya Not significantly 
different 
i+ Not significantly 
different 
Yb Significantly different 1 - 2 wt% 
'- Significantly different 1 - 2 wt% 
1 Significantly different 1-2 wt% 
1+11 Significantly different none 
8.5.4 Learnings 
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Due to its strong dependency on the suspension solids content, the absolute hysteresis 
properties may be impractical for hysteresis discussions. Due to the strongly shear 
thinning nature ofMFC suspensions, the hysteresis data at low shear rates are dorninating 
the overall properties. On the one hand, comparisons between positive and negative 
hysteresis become bypassed, and,on the other hand ev en within the positive hysteresis, the 
overall properties are mostly dominant within the very low shear rate region. Due to the 
high sensitivity, the absolute hysteresis may probably be used to differentiate between 
different solids contents . However, there are other more direct and equally sensitive 
rheological properties providing the same information [13]. 
The normalisation of the hysteresis data was successful in describing the data accurately 
from the point of view of their expression on the log-log flow-curve graphs. This is not 
only supported by visual observation, but also indirectly evidenced by the very good 
correlation between the relative hysteresis data and the actual quantified log-log plot data. 
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The simplified calculation of the relative hysteresis has shown to be accurate enough, so 
presents a legitimate way of obtaining the relative hysteresis data with less effort. 
If one compares the normalised hysteresis with the relative hysteresis data, exemplified 
here with the positive hysteresis (Figure 8.9), it is apparent that the correlation is not very 
good. The reason for this can be expected from the hysteresis calculation procedures: for 
both the absolute and normalised hysteresis, trapezia and triangles are used as 
approximations to the real area between the curves. However, as the flow curves mostly 
follow power laws, there will be inherent errors arising from this approximation. As the 
log data are used for the relative hysteresis calculation, the power law behaviour is 
transformed to linear functions , and so trapezia and triangles become better 
approximations for the data. Therefore, it can be expected, that the relative hysteresis data 







=- 0.25 • • •• 
1 
~ 1* • •• Z 0.2 • :x: • 
0.15 •• • • 
• 
0.1 
2 3 4 5 
HRS+ (1) 
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Having a sm aIl data variation in respect to the hysteresis positioning may indicate that the 
number of contributing point measurements within the flow curves are too few. With the 
settings used in this work, each successive measured shear rate is about 150 % of the 
previous one. So, the span may be indeed too large to get a sufficiently closely stepped 
distribution. If enough points would be added, the length data should then follow a nonnal 
distribution, as it is based on logarithmic shear rate data. As the number of point 
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measurements is detennined by the flow curve parameters, it may easily be increased by 
just changing those parameters adequately. If the span of shear rates should remain the 
same, this, of course, also means a significantly increased experimental data collection 
time. 
8.5.5 Hysteresis properties dependence on solids content 
As the positive relative hysteresis apparently does not change strongly with solids content, 
it may be hypothesised that the morphology at the end of the decreasing shear rate ramp-
down is homomorphic with its structure at the beginning of the increasing shear rate ramp 
at low shear rates. The self-sirnilarity in this case is interpreted in such a way that the 
amount and types of interactions between the fibrils in the primary shear state and within 
the structure at the end of the second flow curve scale with each other, independent of the 
solids content. This would also imply, that there is only a minor release of free water in 
the structure at the end of the second flow curve, because otherwise it could be expected 
that the positive hysteresis is increased more pronouncedly with a decrease of the solids 
content (higher potential availability of water). Since precisely this free water behaviour 
is seen for the negative relative hysteresis, it is likely that there is a significant water 
release in the transition zone during the increasing shear rate ramp-up, probably 
originating from a very pronounced flocculation as seen by Karppinen et al. [31]. As a 
lower solids content means more water to be freed, the negative relative hysteresis 
increases with decreasing suspension solids content. Following the proposed mechanistic 
model by Martoïa et al. [9] , the positive hysteresis is attributed to the difference between 
the initial structure and the finally flocculated structure that is induced and recovering at 
the end of the decreasing shear rate ramp-down. However, since the applicability of the 
morphological models proposed by Martoïa et al. and Karppinen et al. to the experimental 
setup discussed here cannot be taken for granted ad hoc, the above discussion remains 
speculative and requires further proof, e.g. by rheo-optical measurements. 
8.5.6 Comparison with other MFC suspension hysteresis data 
Comparing a typical hysteresis obtained in this work, characterised by a positive and 
negative contribution (r71 (ri) > "'2 (ra and "'1 (ra < "'2 (ra, respectively, with examples 
reported by others [9,17,19,35], reveals sorne significant differences. Very apparently, all 
184 
of them only report one type of hysteresis, either positive or negative according to our 
here-used definition. Whereas it is not clear if it is positive or negative in the works by Jia 
et al. and Agoda-Tandjawa et al. [17,35], it is reported to be positive by Martoïa et al. [9] 
and to be negative in the work by Iotti et al. [19). A direct comparison may be somewhat 
critical, as the MFC suspensions were manufactured differently (here: grinding; Iotti et 
al.: homogenised; and Martoïa et al. : enzymatic pre-treatment and grinding) and, 
therefore, may inherently have a different flow curve profile. Nonetheless, aU those 
different hystereses seem to be strikingly similar when the dilutions and measurement 
conditions are considered in addition, and a qualitative comparison should be possible. 
The following apparent differences should be especially high1ighted: 
• The MFC suspensions were pre-sheared in the cited experiments and was not pre-
sheared in the CUITent work (Martoïa et al.: 1 000 S- l for 60 s, no mentioning of rest 
time; Iotti et al. : 50 S-l for 120 sand 600 s rest time) 
• The measurement systems were different (Couette in Martoïa et al. ' s work, parallel 
plate in Jotti et al. ' s work and vane in serrated cup in our work) 
• The solids contents (1 to 4 wt% in Iotti et al. 's work, even though only the 1 wt% 
flow curve was discussed in detail, and only 2 wt% in Martoïa et al. ' s work) 
• The acquisition times were fixed in the cited works (Iotti et al.: 10 s, Martoïa et 
al.: 50 s) and was automated in this work (min. of 15 .2 s) 
• The shear rate ranges were different (0.1 to 1 000 S- l and vice versa in Iotti et al. ' s 
setup, 0.001 to 1 000 S-l and vice versa in Martoïa et al. ' s work and we used 0.01 
to 1 000 S-l and vice versa). 
Based on those differences, the absence of the positive hysteresis in Iotti et al. 's data may 
be explained by the pre-shearing. This may already have introduced a flocculated 
structure, which did not relax to recover the homogeneous structure during the rest phase, 
and therefore, the low shear viscosity during the shear rate ramp-up was already low (equal 
to the low shear viscosity of the shear rate ramp-down), and so no positive hysteresis is 
seen. The absence of the negative hysteresis in Martoïa et al. ' s work may have several 
reasons. Firstly, as shown in the work ofSchenker et al. [13], the vane spindle (VS) system 
appears to lead to a stronger flocculation at interrnediate shear rates, leading to a deeper 
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viscosity drop during the shear rate ramp-up compared to smooth cylinder roughened cup 
systems as used by Martoïa et al. When comparing the flow curves obtained by different 
measuring systems through Schenker et al. ' s work, the smooth system should be 
considered for Martoïa et al. ' s data. This is based on observations (unpublished), that the 
condition of the moving geometry (typically the inner part in modem shear rheometers 
using Couette type cells) is the main contributor to the overall flow curve. Secondly, as 
shown in this work, the negative hysteresis seems to become smaller with increasing solids 
contents, and as Martoiii et al. only provided data at 2 wt% that can be considered as 
"high" solids content only, and so only a small hysteresis would be expected anyway. 
The above comparison shows the critical influence of the rheometer set-up and 
measurement parameters. Yet, still, qualitative comparisons, like the one above, can be 
made wh en these conditions are fully considered. To do so, it is of critical importance to 
know ail the relevant measurement parameters, as they strongly affect the obtained data. 
We, therefore, would highly encourage peers to provide such parameters when publishing 
rheological data in the context of similar systems, especially those including micro and 
nanofibrillated cellulose suspensions. 
8.6 Conclusions 
In this paper, we have set out to provide a procedure to quantify the hysteresis data offlow 
curves that are typically observed in MFC suspensions. At low shear rates (0.01 up to 
about 1 S-I), a "positive hysteresis" area was found where the viscosity of the initial, shear 
rate increasing flow curve is higher than the viscosity of the following, shear rate 
decreasing curve. At further increasing shear rates up to about 10 S-I, a "negative 
hysteresis" area was found, having a reversed order of the viscosities compared to the 
positive hysteresis. It was shown that a viscosity depending normalisation of the data is 
necessary to be able to compare directly data of MFC suspensions of different solids 
content. Whereas the positive norrnalised hysteresis decreased only slightly with an 
increasing suspension solids content, the negative normalised hysteresis decreased very 
strongly, as supported by statistical test results. These data show, that MFC suspensions 
exhibit different morphologies, not only depending on the shear rate, but also on the 
direction of the shear rate ramp, and, under sorne conditions, also on the suspension solids 
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content. Finally, hypothetical mechanistic models of the MFC suspensions as a function 
of shear rate were suggested, based on prior models proposed by other researchers, but 
remain to be proven. 
The need to define both measurement geometry and data collection parameters in detail, 
including collecting sufficient measurement points, is emphasised by the uncertainty 
identified by statistically relevance testing. However, the same statistical ri gour clearly 
provides confidence the princip les applied. 
Further work is carried out to investigate the influence of the degree of fibrillation of an 
MFC suspension on this and other rheological properties, to further demonstrate the 
usefulness of this novel characterisation method. 
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8.8 Unpublished data 
8.8.1 Introduction 
Based on the flow curve data presented in the article above, a statistical investigation on 
the other flow curve properties was carried out. As pointed out in section 4.2.2.1, those 
properties typically are evaluated on averaged flow curves derived from the three 
individual measurements. On the one hand, this approach saves time, but, unfortunately, 
no standard deviation can be calculated, and so the information on variability is lost. Still, 
to have an idea on the data variability, this additional investigation was, nonetheless, 
carried out, using a dataset that consists of 9 single flow curve measurements per MFC 
suspension dilution, grouped in three sets of triplicates. The mean and standard deviation 
of flow curve properties were evaluated, and an ANOY A analysis was carried out to 
investigate if the suspension solids content has a significant influence on the investigated 
parameters. In addition, the respective triplicate sets within a dilution were compared and 
tested for repeatability using an ANOY A test. 
Ail the flow curve properties were evaluated according to the procedures described in 
section 7.4.3 , also using Origin 2017 for curve fittings (i .e. zone 1 and 2 power law fits) . 
To test whether the compared datasets were different from each other, an ANOY A test 
was carried out, inc1uding a pairwise Tukey test to identify different dataset pairs (details 
in section 8.4.3). No ANOYA test was carried out on the end a/zone l, start a/zone 2 and 
the local minimum data because the y are not continuous (section 8.4.3) . 
8.8.2 Results 
The average and standard deviations of the properties in dependence of the suspension 
solids content can be found in Table 8.3. Those values are derived from the individual 
parameter values of the 9 individual flow curves per dilution. The respective distributions 
are shown in Figure 8.10. It is rather apparent, that the low and high shear viscosity (170.02, 
17100), as weIl as the respective consistency coefficients (KI, K2) strongly depend on the 
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suspension solids content (increase with increasing solids content). This was confirmed 
by the ANOV A tests that found significant differences among the solids contents for aIl 
these properties. An opposite trend was found for the relative transition zone depths (Ltmin), 
and also confirmed by the ANOV A test to be significant. Then again, no significant 
change of n i with the solids content was identified. A weaker trend was found for m as 
weU, expressed by a significant difference between 1 and 2 wt%, but no other significant 
differences among the other suspension solids contents pairs. 
A detailed discussion on the trends of these properties, and the potential implications on 
the suspension particulate morphology are presented in Chapter 9 - . 
Table 8.3: Average values and standard deviations of flow curve 
properties of the 9 individually evaluated flow curves per 
dilution. 
Kl (Pas") nl (1) '10.02 (Pas) 
AV 50 AV 50 AV 50 
MFC 1 wt% 29 4 0.131 0.026 862 101 
MFC 1.5 94 18 0.147 0.026 2613 276 
wt% 
MFC 2 wt% 200 51 0.130 0.035 5909 661 
K2 (Pas") n2 (1) '1100 (Pas) .1mi" (1) 
AV 50 AV 50 AV 50 AV 50 
MFC 1 wt% 7 1.1 0.289 0.036 0.274 0.007 0.838 0.032 
MFC 1.5 22 2.4 0.274 0.025 0.773 0.017 0.764 0.052 
wt% 
MFC 2 wt% 54 4.2 0.242 0.011 1.631 0.086 0.699 0.044 
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Figure 8.10: Box plots ofthe flow curve properties of the 9 individually 
evaluated flow curves per dilution. The set-up of the box-
plots is the same as in the main article. The span gives the 
minimal and maximal values, the bow represents the 25 
to 75 % data range, the line within the bow is the median 
and the triangle is the data mean. 
The parameters with non-continuous values are presented in Figure 8.11 . As mentioned 
in section 8.4.3, those values are determined by the predefined measurement protocol, and 
the granularity may be too low to reliably identify trends. No statistical tests where 
therefore applied on these datasets. Still, sorne (weak) trends can be identified visually, 
but also, that the data-scatter is typically ± one tested shear rate for most properties and 
solids contents. A detailed discussion can be found in Chapter 9 - as well . 
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Figure 8.11: Box plots of the flow curve properties with non-
continuous values. The hollow diamonds represent the 
single values, the triangle the mean value and the middle 
line is the median. 
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To see, whether the data of a triplicate set is able to deliver meaningful enough results for 
further analysis, the three triplicates within a solids content were compared using an 
ANOV A test as weIl. Table 8.4 summarizes the results obtained by the ANOV A test. As 
can be seen, the test resulted in most cases in accepting the null hypothesis (marked with 
"0"), meaning that the means are equal for the three triplicates of a given dilution (for a 
= 0.05). In two cases, one of the triplicates was significantly different from the two others 
(marked with "1(2)"), and in two other cases, it was only one triplicate combination that 
was significantly different (marked with " 1(1)"). 
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Table 8.4 Summary of the ANOV A test for the three triplicates 
within a dilution for the tested flow curve properties. "0" 
indicates that the data means were not siginificantly 
different for the three triplicates, "1(1)" indidcates that 
one mean-pair was different and "1(2)" that two mean-
pairs were different (indicating one set being an outlier). 
'10.02 '1100 .!lmin 
MFC 1 wt% 
MFC 1.5 wt% 










1 (1) 1 (2) 1 (1) 0 
o 0 o 0 
o 0 o 0 
8.8.3 Conclusions 
The additional statistical investigation of the flow curve data indicates that a certain data 
scatter is to be expected for all ofthe evaluated rheological properties. However, apparent 
trends (as a function of the suspension solids content) are likely to be significant, despite 
the data scatter. Finally, also the use of the mean data of triplicated flow curves appears 
to deliver mostly reproducible results. These findings provide a basis for the identification 
of trends within the extensive study on the influence of the degree of fibrillation on the 
rheological properties ofMFC suspensions, presented in the next chapter (Chapter 9 - ). 
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Chapter 9 - Article 4: Rheology of microfibrillated cellulose 
(MFC) suspensions - influence of the degree of fibrillation 
and residual fibre content on flow and viscoelastic 
properties 
Published article. 
Michel Schenker, Joachim Schoelkopf, Patrick Gane, Patrice Mangin; Cellulose; 2018; 
doi: 10.1007/s10570-018-2117-4 
9.1 Foreword 
The article presents the fmdings of an extensive experimental study (ca. 660 single 
rheometer measurements), investigating the effect ofthe DoF on the rheological properties 
of MNFC suspensions using mixtures of different DoF starting materials. This work 
represents the idea of the initial intention of this work, i.e. to investigate the rheological 
properties of MNFC suspensions in dependence of various aspects of the envisaged 
material space (section 3.1.1). Like studies for further suspension properties, such as 
added pigment particles or polymers can be seen as potential for further work. It is very 
apparent, that the experimental effort is very high, and so, here, only one aspect, the DoF, 
is investigated. To rnitigate the experimental effort in the future, a design of experiment 
(DoE) approach should be considered. This could also have been employed here, yet, it 
was a conscious decision to test a complete mixture design so as to lay the groundwork 
and to build confidence in the procedures as works ofthis type were not reported before, 
and there was no experience or knowledge on the level of variation and significance of 
the rheological properties in dependence of the DoF. Having a thorough investigation like 
this as a basis, may provide more confidence in undertaking potential further similar 
studies. 
This work combines learnings from ail previous parts ofthis PhD work. For example, the 
experimental set-up chosen here is based on and reasoned based on the findings 
conceming the flow curve measurement protocol, as weil as on the work on the influence 
of the measurement systems on rheological data. Furthermore, the newly introduced 
quantification procedures of the rheological data have together enabled this type of very 
compact data presentation and straightforward recognition of trends. AIso, the confidence 
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in the obtained data obtained by 100king at their statistics contributed to the findings in 
this final article. Then, finally, the findings of this work may help to understand and 
investigate the effects causing variations in MNFC qualities in a given production process, 
exemplified here by the ultrafine friction grinder. 
9.2 Graphical abstract 
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• Extensive investigation of the influence of the degree of fibrillation of MFC 
suspensions on their rheological properties. 
• Quantification of flow curve and viscoelastic data. 
• Comprehensive data presentation using temary mixture contour diagrams. 
• Discussion of findings with recent literature. 
9.4 Abstract 
The influence of the degree of fibrillation (DoF) , i.e. the fibril width distribution, on the 
rheological properties of microfibrilated cellulose (MFC) suspensions was investigated. 
To extend the understanding of the dominating effect of either fibril diameter alone or 
diameter size distribution, flow curves (viscosity against shear rate) and viscoelastic 
measurements were performed on single, double and temary component mixtures of 
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medium and highly fibrillated MFCs and pulp fibres across a range of solids content. The 
data were quantified using classical and recently introduced descriptors, and presented in 
comprehensive 3D/temary contour plots to identify qualitative trends. It was found that 
several rheological properties followed the trends that are generally described in the 
literature, Le. that an increasing DoF increases the MFC suspension network strength. It 
was, however, also found that coarse pulp fibres can have additional effects that cannot 
be explained by the increased fibril widths alone. It is hypothesised that the increased 
stiffness (directly caused by the larger fibril width) as well as the reduced mobility of the 
pulp fibres are additional contributors. The data are discussed in relation to recent findings 
in the field of rheology and related morphological models of MFC suspension flow 
behaviour. 
9.4.1 Keywords 
Microfibrillated cellulose (MFC), Rheology, Vane, Degree of fibrillation (DoF), Flow 
curve, Viscoelasticity 
9.5 Introduction 
The nanocellulose (NC) material-space contains a wide variety of different products with 
unique properties, despite their same underlying chemistry. The grades are ranging from 
fibrillated over crystalline to bacterial cellulose, and the y have characteristic widths in the 
micrometre as well as in the nanometre range, they have medium to very high aspect ratios 
and can be manufactured from very different source materials (Nechyporchuk et al. 
2016a). Chemical modifications of the surface hydroxyl groups widen the property- and 
application-space even more (Missoum et al. 2013 ; Stenstad et al. 2008). The 
classification of such a versatile material class is challenging, and still not completely 
aligned. Yet, a cOnUnon strategy is to differentiate between bacterial, fibrillated and 
crystalline grades. Within the latter two, another classification regarding their 
characteristic size, i.e. fibril diameter or width for fibrillated grades, or crystallite size 
(width and length), is applied (Kangas et al. 2014). Typical examples offibrillated grades 
are microfibrillated cellulose (MFC) or nanofibrillated cellulose (NFC), both of which 
having different names like cellulose filaments (CF) or cellulose nanofibrils (CNF). 
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Due to their chemistry, but also due to their shape and mechanical properties, fibrillated 
cellulose materials yield high viscous aqueous suspensions, already at low solids contents 
(Herrick et al. 1983; Paakkô et al. 2007). The ability of the fibri1s to form networks and 
aggregates, to entangle and to align, as weil as their flexibility leads to a complex 
rheological behaviour (Hubbe et al. 2017). The same applies for crystalline cellulose 
suspensions, where the typically platelet shaped crystallites can organise in different 
phases, and, due to their crystalline nature, specifically interact with visible light (Shafiei-
Sabet et al. 2012). There seems to be an increasing interest, not only in NC materials in 
general, but also in investigating their complex aqueous suspension rheology, as is 
apparent, for example, from two recent review articles in the field (Hubbe et al. 2017; 
Nechyporchuk et al. 2016b). On the one hand, it is necessary to know the rheo10gy of 
these materials in practical applications, e.g. during pumping, extrusion or casting 
processes to make them processable. On the other hand, an understanding of the rheology 
with respect to the underlying suspension particu1ate morphology and chemistry enables 
researchers to design products for very specific needs. 
A major challenge in MFC rheology measurements is the non-1inear behaviour, and the 
heterogeneous, at least two-phase, composition. Related effects include complete or 
partial phase-segregation (dep1eted, water rich layers or voids), related apparent wall slip, 
and shear banding (Haavisto et al. 2015; Nazari et al. 2016; Nechyporchuk et al. 2014). 
The presence and the intensity of such effects do not only depend on the shear conditions, 
but also on the measurement system and proto col (Schenker et al. 2017). Not taking such 
effects into account, may lead to contradictory results, not infrequent in the 1iterature, and 
probably wrong model hypotheses. Quite sorne effort is put into quantifying these effects 
(Y oshimura and Prud'homme 1988), mathematically correcting them (Mohtaschemi et al. 
2014a, 2014b), and in developing protocols on how to avoid or supress them (Bames 
2000). Cloitre and Bonnecaze (2017) pointed out in a recent review on wall slip of high 
solids dispersions, that such mechanisms are often considered as a nuisance because they 
violate assumptions and boundary conditions of the measurement method, yet it should 
be understood, that those mechanisms are fundamental components of how the material 
responds to the deformation. This valid comment highlights that it is as important to be at 
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least aware of such effects, ideally quantify and describe them, rather than trying to 
suppress them. 
Occasionally, complementary measurement techniques are used to quantify directly or 
indirectly such non-linear effects, though they can also be used to study the suspension 
morphology under different shear conditions. Such complementary techniques include 
optical imaging (Saarikoski et al. 2012), velocity profiling using, e.g. ultrasound and/or 
tomography techniques (Kataja et al. 2017), and structural investigations like small angle 
neutron scattering (Orts et al. . 1998) or x-ray scattering (Nechyporchuk et al. 2015). Such 
work has revealed, for instance, the tendency of unmodified MFC and NFC suspensions 
to aggregate (flocculate) at intermediate shear rates in constant shear experiments 
(Martoïa et al. 2015), or the presence of a water (-rich) film close to measurement 
boundary geometries, as weil as concentration gradient development and plug flow under 
certain shear conditions (Kataja et al. 2017). 
It is weil known that various suspension and cellulose fibriVcrystallite conditions have an 
influence on the nanocellulose suspension rheology. Prominent conditions are the 
suspensions solids content, pH, salinity or temperature (Agoda-Tandjawa et al. 2010; 
PiHikkô et al. 2007). To a lesser extent, also the influences of the fibril dimensions, aspect 
ratio (the degree of fibrillation, short DoF) and surface charge (Besbes et al. 2011), and 
their respective probability and spatial distributions (Colson et al. 2016; Moberg et al. 
2017), on the suspension rheology are investigated. In the case ofmechanically produced 
(with or without enzymatic pre-treatments) MFC materials, the sign of the specific surface 
charge and the total surface charge is given by the feed pulp, and predominantly the DoF 
is changed during processing. Yet, processing towards increased DoF may still potentially 
change the surface charge density of the fibrils due to a potential release of solubles, 
hemicellulose and/or lignin from the original fibre structure into the suspension, though 
the process per se, being purely mechanical, does not add or subtract charge. Depending 
on the process and the process conditions, very different fibril width and length 
distributions, as weil as residual fibre content may result. With a view, for example, on 
qualifying rheological measurements as quality control tools, or manufacturing a product 
with a dedicated rheology profile (rheological property profile is tailored to fit a specific 
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application), the understanding of the influence of the DoF on the rheological behaviour 
of the suspension can be very beneficial. 
The aim ofthis work was to investigate the influence of the DoF, including the impact of 
residual, coarse fibres on rheological properties ofMFC suspensions. Ofparticular interest 
were industrial type of MFC suspensions, typically characterised to have a broad size 
distribution, i.e. containing residual fibres and nanometre sized fibrils together with the 
main body of micrometre sized fibrils. In contrast to other works in this area, we chose to 
use only mechanical fibrillation processes to obtain different DoF MFC suspensions in 
order to exclude surface charge related effects (Moberg et al. 2017). To obtain a wide 
variety of different DoFs , but without changing other aspects of the fibrils, an extensive 
ternary mixture trial matrix was set-up. To be able to identify potential trends, the data 
were quantified using previously introduced techniques and descriptors (Schenker et al. 
2018, 2017). Finally, the findings are discussed phenomenologically with a view on 
potential suspension morphologies, based on recent models obtained from rheo-optical 
studies of MFC suspensions (Haavisto et al. 2015; Karppinen et al. 2012; Martoïa et al. 
2015). The work presented here is intended not only to motivate other researchers in the 
field to consider thorough quantification oftheir rheological data, but also to propose sorne 
interesting aspects to investigate further the use of optical, or other, structure revealing 
techniques in combinat ion with rheological studies ofMFC suspensions. 
9.6 Methods 
9.6.1 Materials 
To obtain samples made up of fibrillated cellulose material having three different degrees 
of fibrillation (DoF) whilst trying to avoid changing other material chiuacteristics, like 
surface chemistry and charge, only mechanical fibrillation processes of increasing 
intensity were applied to a starting batch of a eucalyptus pulp suspension made down in 
tap water from dry pulp mats. The lowest DoF material in this study, representing residual 
fibres , was the eucalyptus pulp itself, denoted as pulp. Respective concentrations ofpulp 
suspension were manufactured by adding according amounts of dry mat pulp to water 
under stirring using a dissolver disc type impeller. 
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The manufacturing process of the intermediate DoF material, denoted in this work simply 
as MFC, is described in detail elsewhere (Schenker et al. 2016a) and was the same as in 
recent works also reported by Schenker et al. (2018,2017). In short, the eucalyptus pulp 
was mechanically disintegrated at 3 wt% in tap water using an ultrafine friction grinder 
under a varying chosen number of single passes, each at a different rotational speed. The 
specific grinding energy, is defmed as the total electrical energy consumption nonnalised 
by the amount of dry cellulose matter was 7.2 kWhkg-l. 
To achieve a higher DoF MFC (short H-MFC) an addition al fibrillation process was 
applied to the previously described MFC suspension, namely an homogenisation process. 
To avoid having to undergo a subsequent concentration of the short H-MFC suspensions 
for the following rheological characterisation, the solids content for the homogenisation 
process was set to 2 wt%. This is a rather high solids content for homogenisation in 
laboratory scale, so, to avoid blockages or other process failures , the starting MFC 
suspension was subjected again to an ultrafine friction grinder pass at 500 min- I (rpm) and 
a gap setting of"-80 f..lm", maintaining the solids concentration still at 3 wt%. The process 
was carried out on an NS 2006 L homogeniser (Niro Soavi), equipped with an LPN60 
dispersion module (formerly Serendip AG, now Neztsch-Gruppe, Germany). The 
suspension was then subjected to single passes, with a throughput pump setting of 30 
dm3h-1 and a pressure of 600 bar for ail passes, achieved by adjusting the back-pressure 
handle accordingly. For the first ten passes, a 120 f..lm diameter nozzle was used to avoid 
clogging. To intensif y the fibrillation process, an 80 f..lm diameter nozzle was used for two 
addition al passes. The specific energy input of these additional process steps was 20.7 
kWhkg- l. 
Mixtures of the three materials, pulp, MFC and H-MFC were realised by adding the 
respective amounts ofthe suspensions and diluting the combination by the addition of tap 
water. The realised dilutions were 0.5, 1, 1.5 and 2 wt% and the mixture matrix can be 
found in Figure 2 of the supplementary information. The mixtures, as weil as the pure 
MFC and H-MFC suspensions were treated by 2 min of rotor stator mixing at 12 000 min-
I (rpm) (Polytron PT 3000, Kinematica, Switzerland) and 5 min exposure to an ultrasonic 
bath (Transsonic T 890, Elma, Switzerland). Before further measurements, the dilutions 
were let to rest for at least one hour. 
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9.6.2 Data presentation 
The rheological data are presented in temary contour plots, one for each solids content. 
For a complementary visualisation, the contour surfaces are overlaid using a rainbow-type 
colour gradient, starting from purple at low values and ending at red for high values. The 
scale among the different temary plots within one property is the same, so also the 
dependence on the solids content is directly visible. lnstead of providing a separate colour 
scale, several contour lines within a temary diagram are labelled with their respective 
values. A detailed introduction on the interpretation oftemary diagrams is provided in the 
supplementary information, but, generally speaking, the diagrams describe the 
composition of a temary mixture, al ways adding up to 100%. Each vertex of the triangle 
represents 100% of one of the three components. The share of this component de creas es 
constantly along the bisector of this vertex perpendicular to the opposite edge until it 
reaches that opposing side, where the share ofthis component is 0%. In the present work, 
the left vertex represents 100%pulp, the right vertex 100%MFC and the top vertex (apex) 
100% H-MFC. Missing data points in the temary graph mean that the specific mixture at 
the respective dilution was not evaluated because it was disturbed by irreproducible or 
other physical effects. An example of such an effect is the observation of sedimentation 
after high shear under decreasing shear rate at low solids content (0.5 wt% suspensions) 
due to structure breakdown. 
Altematively set-up temary diagrams can be found in the supplementary information 
document. AIso, animated 3D temary diagrams where the different solids content data 
were stacked can be found in the online repository. Each solids content dataset is 
represented as individual surface. The grid line colour indicates the solids content (purple: 
0.5 wt%, blue: 1 wt%, green: 1.5 wt% and red: 2 wt%). 
9.6.3 Degree of fibrillation analysis 
Several attempts were made to determine the fibre and fibril width distributions of the 
sample materials using image analysis methods. Due to the anticipated high polydispersity 
of the materials, SEM-image based techniques were evaluated rather than AFM or TEM 
based ones in an attempt to give visual confirmation and sufficient statistical relevance. 
Namely, two approaches described by Onyianta and Williams (2018) and Pyrgiotakis et 
al. (2018) were reproduced, including modifications in the sample preparations. 
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Unfortunately, either the obtained images were not suitable for image analysis 
(overlapping and confused configuration), or the obtained distribution histograms did not 
represent the apparent full width distributions (insufficient statistical relevance), i.e. they 
were not able to account for the coarser fibril/fibre fraction, like described for instance by 
Colson et al. (2016). Additional details on the apparent width distribution discrepancy can 
be found in the supplementary information. However, the exercise enabled us to identify 
the tendency of fibrils to aggregate at rest, even under very di lute regimes (perhaps 
meniscus force), as being one of the major challenges here. Corn mon strategies to improve 
the level of dispersion, like adding carboxymethyl cellulose (Veen et al. 2015), were not 
sufficient (probably again related to the high levels of dilution). 
The evolution of the degree of fibrillation (DoF) in this work is therefore indicated by 
qualitative and indirect data, namely by optical and scanning electron microscopy images 
and specific surface area (BET) measurements. For this, 0.5 wt% suspensions of pulp, 
MFC and H-MFC were frozen by immersion into liquid nitrogen directly after the 
ultrasonication step of the makedown procedure. The frozen samples were then subjected 
to freeze-drying (Alpha 1-2LD Freeze Dryer, Martin Christ GmbH, Germany). The 
specific surface area was measured using the Brunauer-Emmett-Teller (BET) method on 
tom out pieces of the resulting aerogels, sampled in duplicate (Tristar, Micromeritics, 
Gennany). SEM images (Sigma VP, Zeiss, Switzerland) were taken as weIl from such 
tom-out pieces after being sputtered with gold (8 nm). For optical microscopy (Axio 
Imager.M2m, Zeiss, Switzerland), one drop of the respective 0.5 wt% suspension was 
placed between two glass slides. 
9.6.4 Rheological measurements 
AlI the rheological measurements were performed on an MCR 300 rheometer (Anton 
Paar, Austria) at 20 oC, equipped with a vane (six blades) in serrated (length profiled) cup 
system (vane: ST22-6V-16, dvane = 22 mm, cup: CC27-SS-P, dcup = 28.88 mm, profile 
depths = 0.5 mm, profile widths = 1.65 mm), also supplied by Anton Paar. The vane 
system was used because it is less prone to depletion at the wall and related apparent slip 
effects, as described, for example, by Mohtaschemi et al. (2014a) and Schenker et al. 
(2017). 
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Ail the suspensions were measured as triplicates, and each measurement within a triplicate 
was obtained from a separate filling of the measurement system. For a given dilution, 
several dilution makedowns were used throughout the work presented here, and the 
repeatability was checked in ail cases (data not shown). The data are presented as average 
values from the triplicate measurements. lndividual standard deviations are not presented, 
however, typical maximal standard deviations are provided for a given property as per 
cent of the average property values. Further standard deviation data can also be found in 
preceding work (Schenker et al. 2017, 2018). After loading the samples and immersing 
the vane, the system was let to rest for about two minutes before the measurement 
proto cols were started. No pre-shearing protoco1 was applied in order to induce as 1ittle 
morphological changes to the suspension as possible. 
Flow curves (viscosity 1] in dependence of the shear rate y) were recorded by performing 
an automated shear rate increase ramp from 0.01 S-I to 1 000 S-I , directly followed by a 
ramp with reversed direction. 30 log-equidistant distributed point measurements were 
performed per ramp with automated acquisition time mode (minimal acquisition time is 
15.2 s) and shear rate control. The automated acquisition time mode should ensure a steady 
state situation when acquiring a measurement (Schenker et al. 2016b). Having a steady 
state situation is important for the data interpretation with view on suspension morphology 
as it reduces the likelihood of time-dependent or start-up effects interferences (Puisto et 
al. 2015; Korhonen et al. 2017). Preliminary experiments have shown that the same flow 
curves can be obtained with different amounts of point measurements (data not shown). 
The typically obtained three region flow curve, exemplified with a 1 wt% MFC suspension 
flow curve in Figure 9.1, was quantified using the descriptors introduced by Schenker et 
al. (2018, 2017). In short, zone 1 is described by the power law parameters KI (consistency 
coefficient) and ni (flow index), the 10w shear viscosity 170.02, where the subscript refers 
to the shear rate which the viscosity is quoted, and its end (end ofzone 1). The transition 
region is characterised by the position of the local minimum and its relative depth (Ltmin). 
Zone 2 is again described by its onset (start of zone 2), the power law parameters K2 and 
m and the representative high shear viscosity 17100. Finally, also the hysteresis between the 
shear rate increasing and shear rate decreasing curve is described with the positive and 
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negative relative hysteresis HRS+ and HRS- respectively, using the simplified caIculation 
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Viscoelastic properties were determined by an amplitude sweep measurement at a 
frequency of 0.5 Hz. The automated, strain amplitude-controIled ramp was set from 0.001 
% to 1 000 % with 60 log-equidistant distributed point measurements and automated 
acquisition time mode. In practice, the acquisition time was seen to be around 25.5 s for 
aIl points in aIl measurements. As for the flow curves, prelirninary experiments have 
shown that the same rheograms can be obtained with different amounts of point 
measurements (data not shown). Here also, the descriptors introduced by Schenker et al. 
1 
(2017) are evaluated, namely storage and loss moduli in the linear regime (G'max, G"lin), 
as weIl as the limit of linearity (LoL) and the yield stress (n--,o), both deterrnined via the 
phase angle data. Typically, the plateau values for the storage and loss modulus in the 
linear viscoelastic (L VE) regime are reported. In the present and precedent work 
(Schenker et al. 2017) it was however found, that only the loss modulus shows this plateau 
characteristic, whereas the storage modulus goes through a local maximum before it 
decreases with increasing strain. It was therefore decided to evaluate the maximal storage 
206 
modulus (G'max), and as commonly done, the plateau value of the loss modulus (G" lin). 
Especially at lower solids content and low strain values, the moduli data tend to be noisy, 
such data was omitted from evaluation. The yield point, defmed by the LoL (or strain at 
yield) and the yield stress ( 1Y,ô) was determined using the phase angle data, rather than the 
storage modulus data (Schenker et al. 2017). As a consequence of the behaviour of the 
moduli as a function of strain, the phase angle typically shows a local minimum. The yield 
point was defined to be where the phase angle deviates (increases) more than 5% from its 
minimal value, adapted from Moberg and Rigdahl (2012) and further described by 
Schenker et al (2017). 
9.7 Results 
9.7.1 Degree offibrillation 
The increase of the DoF from the pu/p, through the MFC and to the H-MFC materials is 
apparent from the microscopy images (Figure 9.2). On the one hand, the amount of clearly 
visible fibres and fibrils in the optical microscopy images decreases with increasing 
treatment intensity. On the other hand, SEM images reveal an increasing amount of fine 
fibrils . This qualitative observation is weIl supported by the surface area data presented in 
Table 9.1 It is likely, that the MFC material has the broadest fibril width distribution 
among the investigated materials, as residual fibres are present as weil as isolated fibrils , 
whereas the other two materials contain predominantly one or the other. The role of the 
pu/p material in this work is to investigate the influence of residual fibres on the 
suspension rheology. The hypothesised (as there is no quantitative data to proof this) 
differences between the MFC and H-MFC materials are the absence of residual fibres in 
the H-MFC material, together with its narrower size distribution, also resulting in a 
smaller median width. 
Figure 9.2: 
Table 9.1: 
Optical (top) and SEM images (bottom) of the pulp (a), 
MFC (b) and H-MFC materials (c). The scale bars in the 
optical microscopy images are 200 !lm. 
Specifie surface area data of the pulp, MFC and H-MFC 
materials, including the standard deviations for the MFC 
and H-MFC materials. 
Material BET surface area (m2g-l) 
Pulp 0.4 * 
MFC 7.7 ± 1.1 
H-MFC 19.6 ± 1.2 
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*Only one valid measurement was obtained for the pulp material, hence no standard 
deviation is provided. 
9.7.2 Suspension particulate morphology hypothesis 
As described in previous publications (Schenker et al. 2018; Schenker et al. 2017), we 
place our interpretations and discussions of the present rheological data in the light of 
findings from other researchers. In those works, flow curves very alike the ones reported 
here were described, and in parallel the solid phase morphology was visualised (Haavisto 
et al. 2015; Karppinen et al. 2012; Martoïa et al. 2015), confmning the aggregation 
behaviour in the transition region. Furthermore, a theoretical work, supported by 
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experimental evidence, on concentrated rigid fibre suspensIons containing adhesive 
contacts (Bounoua et al. 2016) describes the present flow curves and trends very weIl. 
9.7.3 Influence of DoF on static structure morphology 
Figure 9.3 shows the storage modulus (G' max) data of the investigated mixtures. The 
strong dependence on the solids content is very apparent and is expected and weIl reported 
(Jia et al. 2014; Paakkô et al. 2007; Shafiei-Sabet et al. 2012). Among the different 
dilutions, a very alike trend is observed. The storage modulus is highest at 100 wt% H-
MFC, but also as high or only slightly reduced at increased pulp shares along and close to 
the 0 wt% MFC line. Furthermore, it increases monotonically from MFC to H-MFC. The 
loss modulus G'\n follows the same trends (data not shown) and was lower by about one 
order of magnitude for ail conditions. An increase of G' max with an increasing DoF is 
expected and is reported frequently (Moberg and Rigdah12012; Shafiei-Sabet et al. 2016; 
Taheri and Samyn 2016), so the trends seen for MFC to H-MFC are expected as weIl. Yet, 
there is also work showing different trends, e.g. Shogren et al. (2011) found a maximum 
ofmoduli (and viscosity) in dependence of the amount ofhomogeniser passes for a corn 
cob based cellulose gel, or work by Saarinen et al. (2009) showed a constant decrease of 
G' with increasing number of passes through a fluidiser. Nechyporchuk et al. (20 16b) 
discussed these discrepancies recently with a view on the used measurement geometries 
and procedures and related the opposing trends to potential measurement artefacts and 
pre-treatment protocols. The measurement system and procedures used in this work are in 
line with the recommendations to obtain reliable data given by the cited authors. The 
present data indicate that coarse residual fibres can have a significant influence on the 
storage modulus of an MFC suspension by providing a high modulus that is also observed 
for highly fibrillated MFCs. This previously unreported finding may be useful to consider 
when comparing MFC suspensions that are manufactured with different processes, as they 
may lead to different polydispersities and/or residual fibre contents. 
The storage modulus is a measure that describes a system's ability to store elastic energy, 
and its increase with an increasing DoF is typically reasoned to be caused by a stronger, 
more homogeneous network due to the reduced fibril size (Moberg and Rigdahl 2012; 
Shafiei-Sabet et al. 2016). So, the observed modulus increasing effect of the pulp fibres is 
somewhat contradictory, as a more open, less connected network is present. A potential 
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explanation may be found by considering the tlexibility of the network elements, and not 
only the inter-fibril distances. If it is assumed that thicker fibres are more rigid compared 
to finer fibrils (as bending stiffness scales with the feature dimensions), then it may weil 
be that they also can contribute strongly to the overall observed storage modulus. 
Figure 9.3: Storage modulus (G'max) data presented in ternary 
mixture contour plots for the different total solids 
contents of the mixtures, standard deviation was typically 
~ 10%. High storage modulus values are apparent for the 
left and top corner regions, representing high pulp and 
H-MFC shares respectively. Increasing MFC shares at 
the expense of H-MFC and pulp (moving toward right 
corner) reduces the storage modulus. A comprehensive 
instruction on how to interpret the ternary diagrams can 
be found in the supplementary information. 
9.7.4 Influence of DoF on yielding behaviour 
With increasing strain amplitude, y, the suspensions start to yield and their behaviour 
begins to be detennined as well by the ability of their interacting network to deform 
plastically (viscous dissipation). This transformation is characterised by the force (shear 
stress) that is needed to initiate it, and at which deformation it happens. ln this work, the 
yield stress, n',ô, and the limit of linearity (LoL), both determined from phase angle data, 
t5, describe these parameters. From Figure 9.4, it is apparent on the one hand, that the yield 
stress increases with increasing solids content (as also seen, for example, by Mohtaschemi 
et al. (2014a}). On the other hand, higher DoF materials lead to increased yield stress, and 
residual fibres do not have an additional effect. As the yield stress will be strongly 
determined by the breaking of adhesive contacts and/or overcoming steric hindrances 
(Nechyporchuk et al. 2016b), the amount of contact points between fibrils/fibres is a 
determining factor for this property. The present data support this weil, as increasing 
solids content, as weil as increasing DoF (and a lower amount of residual fibres), results 
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in a higher contact point density, and this is also supported by data from other researchers 
(Moberg and Rigdah12012; Taheri and Samyn 2016). 
Figure 9.4: Yield stress determined from the amplitude sweep 
measurements using the phase angle approach (1'Y,0), 
standard deviation was typicaUy ::; 5%. The yield stress 
increases with increasing DoF, i.e. low values are 
obtained for increased pulp shares (Ieft corner), 
intermediate values for high MFC shares (right corner) 
and high values for high H-MFC shares (top corner). 
Exchanging shares leads to monotonically changing yield 
stresses. 
The corresponding limit of linearity in the data is presented in Figure 9.5. Especially for 
solids contents ~ 1 wt%, it is obvious that the LoL is strongly defined by the amount of 
residual fibres. The 0.5 wt% data show the same general trend, yet there is somewhat more 
variation. Furthermore, the LoL generally decreases with an increasing solids content, 
similarly to that shown in work by Jia et al. (2014). As reasoned in an earlier work 
(Schenker et al. 2017), this trend can be explained by a stiffening of the network with 
increasing solids content due to the reduction of the distance between the connection 
points. Using the same reasoning, residual fibres would have an opposite effect, as less 
connection points are present. Yet, the present data show the opposite. So, it seems more 
likely that the number of coarse fibres per unit component solids content is less than the 
fine fibres they accompany, and the additional rigidity of the coarse fibres is reducing 
statÎC entanglement. Coarse fibre involvement in flocculation, due to the lower charge 
density compared with fines, if present, therefore, is too weak to generate a Strong elastic 
structure at high deformation. 
Figure 9.5: Limit oflinearity (LoL) data. For solids contents ~ 1 wt%, 
the LoL is decreasing with an increasing pulp content, 
apparent as the contour Hnes are paraUel to the 0 wt% 
pulp Hne (right triangle side). As the LoL was obtained 
from averaged amplitude sweep rheograms, no standard 
deviation can be calculated. 
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To investigate the suspension behaviour further beyond the yield region, the constant 
shear experiments (flow curves) are now examined. It should be mentioned at this point, 
that viscosity measurements at low shear rates are very likely to be dominated by side 
effects. On the one hand, there is evidence for depletion near the measurement geometry 
boundary, leading to a water (-ri ch) layer (Kumar et al. 2016; Lauri et al. 2017) when 
smooth surfaces are used, and on the other hand, especially for larger gap settings, shear 
banding is likely to occur (Kumar et al. 2016; Mohtaschemi et al. 20 14b). The use of 
serrated and/or rough surfaces or vane geometries (as in this work) are typically employed 
to prevent or reduce the solid depletion effects, commonly also referred to as apparent slip 
(Buscall 2010; Mohtaschemi et al. 2014b; Schenker et al. 2017). However, the shear 
banding cannot be prevented under uniform planar or axial flow, unless the measurement 
gap would be very small. But a small gap may lead to even more severe side effects for a 
heterogeneous suspension like MFC (Barnes 2000). When a critical shear stress and/or 
shear rate is overcome, however, the banding disappears, and so the interpretation of the 
results without an according correction is less critical (Martoïa et al. 2015 ; Mohtaschemi 
et al. 2014b; Servais et al. 2003). This critical shear rate or stress is very likely depending 
on the MFC suspension properties, but is also likely to be in zone 1 and close to the 
transition region for the data presented in this work (Martoïa et al. 2015 ; Mohtaschemi et 
al. 2014b; Servais et al. 2003). As we did not apply a correction to account for the shear 
banding, our zone 1 data have to be understood as apparent data only, yet the relative 
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trends are likely not to be influenced by omitting to make correction(s) (Mohtaschemi et 
al. 2014a). 
Comparing the apparent low shear viscosity data (170.02) shown in Figure 9.6 with the 
storage modulus data (Figure 9.3) reveals striking similarities, i.e. the general increase 
with solids content, as weil as the trend for increased values at increased H-MFC and pulp 
shares. Even though an evaluation of the shear thinning power law behaviour may be 
critical with shear banding being likely, it may be worth mentioning that the flow index 
nI was basicall y independent of so lids content and composition, fluctuating around a value 
of 0.13 (data not shown). If one includes the assumption of Karppinen et al. (2012), that 
the reforming of new contacts within the network was fast enough to compensate the 
breaking induced by the shear in this region of the flow curve, one may hypothesise that 
the viscosity in zone 1 is determined by the network-induced elastic and viscous moduli. 
This could explain the likeness between the apparent low shear viscosity data with the 
moduli data, which is often the case in complex suspensions, yet remains purely 
speculative. 
Figure 9.6: Apparent low shear viscosity (170.02) data, standard 
deviation was typically ::: 10%. The trends resemble the 
ones described for the storage modulus data in Figure 9.3, 
i.e. the highest values are present at either high pulp (le ft 
corner) or high H-MFC shares (top corner). 
9.7.5 Influence of DoF on aggregation behaviour 
When increasing the shear rate further beyond a certain point it is hypothesised that the 
here-used MFC suspensions start to segregate into fibril rich-regions (aggregates or strong 
flocs) and water rich voids between them, as described in earlier work (Schenker et al. 
2018; Schenker et al. 2017) and based on fmdings of, for example, Karppinen et al. (2012) 
and Martoïa et al. (2015). This transition region is defined here by the end ofzone 1 (ons et 
of aggregation), the position of the local (viscosity) minimum, where the aggregation is 
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believed to be maximal, and the start of zone 2, where a homogeneous structure is 
reinstalled/resumed. Figure 9.7 shows the data for the position of the local minimum and 
are exemplary for the end of zone 1 as weil as the start of zone 2 data, as these properties 
follow the same general trend. Tt is apparent that the position of the local minimum is 
shifted to higher shear rates for an increased pulp fibre share. The data may also indicate 
that the shi ft to higher shear rates is more pronounced for a combination of pulp and H-
MFC shares. Yet, the distance from one to the next contour plot value is just one shear 
rate point measurement, and typically the data variation within a triplicate is ±l 
measurement point for this type of data. So, the significance between two neighbouring 
values may not be a given in every case. Therefore, this discussion should be considered 
from a more generalised point ofview. Namely, the end ofzone 1 (not shown), the position 
of the local minimum and the start ofzone 2 (not shown), becomes shifted to higher shear 
rates, and the overall span of the transition is increased (not shown) for increased pulp 
shares. This behaviour appears to be stronger at increased solids content, though more so 
only when sufficient pulp fibres are present in the mixture. It may be hypothesised, that 
the coarse pulp fibres and/or a sufficiently high polydispersity generally hinder a structural 
reorganisation. 
As described earlier, the relative transition zone depth (Llmin) additionally characterises the 
degree of aggregation (Schenker et al. 2017). However, no conclusive trends with regards 
to the DoF were found here, yet, nonetheless, the previously found trend of increasing 
relative transition zone depth with decreasing solids content (Schenker et al. 2017) was 
reproduced (data not shown). 
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Figure 9.7: Position of the local mlmmum data. Generally, the 
position of the local minimum is at lower shear rates for 
low pulp contents (right triangle side) and increases with 
an increasing pulp share (moving towards the left 
corner). The contour Unes represent actuaUy probed 
shear rate values (measurement points). As the data are 
discrete, no standard deviation can be provided, however, 
a typical variation observed was ±1 measurement point. 
When a complete shear rate loop (shear rate increase ramp followed by shear rate decrease 
ramp) is performed, a difference between the two viscosities at a given shear rate can be 
seen (Figure 9.1). This hysteresis was observed before and generally a difference in the 
suspended material morphology, caused by the respective shear history, is held 
responsible (Iotti et al. 20 Il ; Martoïa et al. 2015). A recent publication by Schenker et al. 
(2018) discussed the potential origin of different hysteresis behaviours observed in the 
literature, and introduced a novel quantification approach that is applied also now in this 
present work. In short, two different types of hysteresis are identified: one where the 
viscosity of the shear rate increasing ramp is higher than the viscosity of the shear rate 
decreasing ramp, called positive hysteresis, and the other one, the negative hysteresis, 
where it is vice versa. The positive hysteresis (HRS+) is attributed to the difference between 
the initial, homogeneous structure and the moderately aggregated structure after a full 
shear rate loop (Martoïa et al. 2015; Schenker et al. 2018). The negative hysteresis (HRS-) 
appears to be mainly dominated by the viscosity drop under the level of the shear rate 
increasing ramp at the transition zone, and therefore related to the degree and span of 
aggregation during this flow curve. 
Figure 9.8 shows the results for the positive hysteresis. Please note that the data of the 0.5 
wt% suspensions (and sorne points of the 1 and 1.5 wt% suspensions) are not shown, 
because those suspensions typically showed sedimentation, starting shortly after the shear 
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rate decrease ramp started. It is apparent that the positive hysteresis is independent of the 
solids content for all mixture ratios, confirming earlier findings (Schenker et al. 2018). 
Furthermore, there is a clear trend of higher positive hysteresis values for increased pulp 
shares. Following the above described reasoning, this may indicate a larger difference in 
suspension morphology between the unsheared and the pre-sheared (through the shear rate 
loop) state, induced by coarse fibres . It may be hypothesised again, that the coarser fibres 
may hinder structural rearrangements due to their stiffness compared to fmer fibrils . The 
addition of visualisation, or other structure revealing techniques to su ch flow curve 
measurements would be of high value and could test this hypothesis. The negative 
hysteresis generally increases with a decreasing solids content (data not shown), that was 
also observed previously and attributed to a higher amount of available free water at 
decreased solids content (Schenker et al. 2018). Trends with the DoF are not very 
apparent, but a general reduction of the negative hysteresis with high pulp share is likely, 
as well as that the highest values are typically found at a combination of 20 to 40 % pulp 
with low to no MFC share. These general trends are somewhat unexpected, yet may be 
explained again by the stiffness of coarse fibres hindering a dense aggregate formation, 
for instance, (Bounoua et al. 2016), and a tendency for rather fine, easily entangling fibrils 
to aggregate more strongly (Naderi and Lindstr6m 2015 ; Taheri and Samyn 2016). 
However, again, without any additional direct or indirect visualisation of the aggregated 
structure, such models remain hypothetical. 
HRS+ (1) 
Figure 9.8: Positive hysteresis data, standard deviation was typically 
:5 15%. The decrease of the positive hysteresis with a 
decreasing pulp share is apparent, as the contour Hnes 
are parallel to the 0 wt% pulp Hne (right triangle side). 
216 
9.7.6 Influence of component mix on high shear behaviour 
When the shear rate is high enough, the aggregated structure that forrned in the transition 
region starts to break down again and the second, power law shear thinning zone starts 
(Bounoua et al. 2016; Karppinen et al. 2012; Martoïa et al. 2015). Here, this zone is 
described by the apparent high shear viscosity 1]100, and the respective data can be found 
in Figure 9.9. The typical increase ofviscosity with solids content is clearly apparent, as 
well as that a higher DoF increases the high shear viscosity. This is in good agreement 
with the literature, consolidated in a recent review by Nechyporchuk et al. (20 16b). It may 
be worthwhile to recall the different trend that is observed for the low shear viscosity. This 
difference indicates that the suspension morphologies, defining the apparent viscosities in 
zone 1 and 2, are different, i.e. , the morphology of the sheared suspension material in zone 
1 is supported by coarse, presumably stiff, fibres , whereas the morphology at increased 
shear rates (zone 2) is not affected by such fibres. 
Figure 9.9: High shear viscosity (1]100) data, standard deviation was 
typically ~ 10%. The high shear viscosity generally 
increases monotonically with the DoF, i.e. it is low 
towards the left corner (high pulp shares), intermediate 
towards the right corner (high MFC shares) and high 
towards the top corner (high H-MFC shares). 
Further insight can be obtained by looking at the shear thinning behavior of zone 2, i.e. by 
100 king at the consistency coefficient K2 and the flow index m. While K2 basically shows 
the same trend (not shown) as the apparent high shear viscosity, the flow index appears to 
change strongly as a function of pulp content at low pulp contents, following also a 
function of solids content (Figure 9.10). It should be noted also, that the flow index was 
the highest at the maximal possible pulp content before sedimentation occurred within the 
flow shear cycle, at each given solids content, and its absolute value was almost the same 
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(0.64 ±0.04) under this condition. The increase of shear thinning tendency (decrease of 
the flow index) with an increasing solids content was reported before for MFC 
suspensions (Bounoua et al. 2016; Lasseuguette et al. 2008; Schenker et al. 2017), and for 
pulp suspensions as weIl (Chaouche and Koch 2001). Bounoua et al. (2016) attributed this 
effect to the increasing role of attractive interactions at increased solids contents. 
Likewise, we (Schenker et al. 2017) attributed this effect to the increased importance of 
entanglements at lower shear rates of zone 2 for increased solids content. Extending those 
hypotheses may also explain the observed effect of a reduced shear thinning behaviour 
with an increased pulp share. As the coarser fibres lead to less entanglements and/or less 
attractive interactions (compared to the same mass/volume of fine fibrils) , their presence 
resembles the effect of an increased dilution. 
Figure 9.10: Flow index of zone 2 (m) data, standard deviation was 
typically :513%. The general trend of m appears to follow 
the pulp share, becoming higher (lesser shear thinning 
tendency) with an increasing pulp share. The maximum 
value is very similar for ail solids content and is found at 
the maximal pulp share in the mixture. 
9.8 Conclusions 
The present work investigates the rheological behaviour of suspensions containing MFC 
suspensions of different DoFs, as weil as pulp fibres that mimic residual , unfibrillated 
fibres . The results follow the well-known properties of multimodal (and polydisperse) 
dispersions of particles in general, i.e. interactions at a distance and upon close approach 
(colloidal) are important flow controlling factors . The exception here is the extra factor 
that the fibrils are flexible to varying degree and become entangled, whereas round 
colloidal particles do not. 
Given the above conclusion, refinements can be made in the way the flow response of 
complex shaped solids can be parameterised, including particle properties such as 
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flexibility and entangled aggregate fonnation. It appears that the present set of data enable 
us to split the structure and flow behaviour into three categories with view to the observed 
trends as a function of the suspension composition. The flIst category contains the 
properties that are trending with the fibre/fibril widths (DoF) only. The second set of 
properties is characterised by a discontinuous behaviour, i.e. the coarse pulp fibres lead to 
the same or alike level of property effect as the highly fibrillated H-MFC. The third 
category seems to depend mainly on the pulp share. 
The behaviour observed in the first category applies for the following properties: yield 
stress (Tr,o, Figure 9.4), high shear viscosity (1]100, Figure 9.9) and the consistency 
coefficient in zone 2 (K2, not shown). In ail these properties, the values are increasing with 
an increasingDoF, considering the pulp as being equivalent to a low DoF component, and 
are also strongly increasing with the suspension solids content. Such behaviour was 
described before in the literature. It is typically hypothesised that the increasing amount 
offibrils (due to the increased DoF andlor the increased solids content) is responsible for 
the respective property increase. It is reasoned, that the relative movement between fibrils 
is hindered by the increased amount of physical interactions and entanglements. The 
present work supports those hypotheses, also for highly polydisperse MFC suspensions. 
The second category, where the pulp share leads to a discontinuous behaviour inc1udes 
specific changes in the following paramaters : st orage modulus (G 'max,Figure 9.3), loss 
modulus (G "lin, not shown) and the low shear viscosity (1]0.02, Figure 9.6). As mentioned 
in the results section, the interpretation of the low shear viscosity may be critical, though, 
because of potentially dorninating shear banding. The trend in this category is that the 
unfibrillated pulp fibres and the highly fibrillated H-MFC lead to high parameter values. 
Alike behaviour was reported before (even though not specifically for materials 
containing residual fibres) , yet the observed effects were attributed either to measurement 
artefacts related to the measurement geometries, or inadequate sample pre-treatment. It 
seems justifiable to assume that those artefacts were not present in this work, so it appears 
that this behaviour was not observed before. It is conc1uded that the pulp fibres contribute 
to the network strength by their stiffness, which is a direct cause of their width, whereas 
highly fibrillated systems gain their network strength from an increased network density 
and entanglement. 
219 
The properties that mainly depend on the pulp share include the limit of linearity (LoL, 
Figure 9.5), the positive hysteresis (HRS+, Figure 9.8) and probably the flow index ofzone 
2 (m , Figure 9.10). The reduction of the LoL with an increasing pulp share may be 
explained by the combined effect of the pulp fibres to increase the network stiffuess, but 
also to lead to a smaller network density (less physical interactions). In tum, the lower 
amount ofphysical interactions caused by the coarser fibres may also explain the reduced 
shear thinning tendencies in zone 2 for higher pulp shares. 
The trends for the aggregation descriptors with the DoF are not so clear, yet it appears that 
the coarse pulp fibres also influence the aggregation behaviour in the transition region, 
probably caused by a reduced mobility of the fibres compared to the finer fibrils. This is 
at least partially supported by the positive hysteresis data. The addition of rheo-optical 
measurement techniques to such measurements could be very insightful and probably help 
to reveal the mechanisms and contributions of the individual components. 
In conclusion it can be stated that (residual) coarse fibres can influence the rheological 
properties of MFC suspensions, not always following trends that are typically observed 
for changing DoFs. We further conclude, that it is not only the increased width that leads 
to a lower network density (compared to fibrils) causing these differences, but also their 
increased stiffness and lower mobility. To confmn tbis conclusion, rheo-optical 
investigations could be envisaged. Additionally, the impact of a polydisperse system with 
improved packing and smoother transitions plays a distinct role. From an application point 
of view, this work also has shown that it is possible to obtain MFC suspensions with 
specific sets of rheological properties by combining different DoF MFCs and pulp fibres, 
potentially opening up an even wider application space. 
As shown by other researchers, and summarized for instance by Nechyporchuk et al. 
(2016b), there seem to be two different types of fibrillated cellulose types with view on 
their rheological behaviour and respective suspension morphology under flow. The 
primary difference between the two types is the surface charge, being typically low for 
unmodified grades and high for chemically modified grades. The latter grades typically 
are relatively stable colloidal suspensions due to the increased electrostatic repulsion. As 
this repulsion alters e.g. the frictional interactions between the fibrils , the here-presented 
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findings cannot be transferred ad hoc to modified fibrillated cellulose grades. Additional 
experimental work would be needed to check the transferability. 
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9.10 Supplementary information 
9.10.1 Width distribution analysis 
As mentioned in the main article, the image analysis approach we employed was 
apparently not successful in capturing the actual fibril width distribution, especially for 
the MFC material, due to inconsistencies in dispersion. 
9.10.1 .1 Method 
The sample preparation method described by (Pyrgiotakis et al. 2018) was used as a basis. 
However, the MFC deposition was slightly altered as described method failed to produce 
micrographs that were suitable for SEM image analysis. Instead of depositing a drop of 
MFC suspension on the poly-L-Iysine treated mica substrate for a certain time, we 
immersed the treated mica platelet in the stirred MFC suspension for one minute. The 
intention was to reduce the aggregation tendency of the fibrils in the highly diluted MFC 
suspension. The rinsed and dried platelets were mounted on sample holders and sputtered 
with gold before being imaged with SEM (Sigma VP, Zeiss, Switzerland). Images of the 
pulp suspensions were taken with an optical microscope (Axio Imager.M2 m, Zeiss, 
Switzerland) of a 0.1 wt% suspension that was kept between two microscopy glass slides. 
ImageJ (NIH) software was used to measure the fibril widths. At least 200 fibres or fibrils 
were measured, each at three locations along the length, whereas the respective average 
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value per fibre was used for the distribution generation. Origin 2017 software was used to 
calculate the median as weIl as the modus of the distribution curves. 
9.10.1.2 Results 
The fibre and fibril width distributions obtained from the image analysis are presented in 
Figure 9.11 . The trends of the distributions appear to make sense at first, i.e. distributions 
are shifted to smaller dimensions with increasing processing intensity and the distribution 
of the MFC material (b) is broader and has sorne residual coarser fibrils compared to the 
H-MFC (c) material. However, when compared to the optical and SEM images taken of 
the suspensions, respectively freeze-dried materials (Figure 9.2 of the main article), it is 
apparent that, for ex ample, the coarse fraction (residual fibres in the range of lOs of )lm 
or partially fibrillated fibres in the range of several )lm) of the MFC material was not 
captured in the image analysis. Due to this very apparent discrepancy, the here presented 
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Figure 9.11: Fibre/fibril width histograms ofpulp (a), MFC (b) and H-
MFC (c), including the distribution median and mode 
values (units are the same as the respective x-axis). 
9.10.2 Ternary diagrams 
9.10.2.1 Ternary mixture matrix 
Figure 9.12 shows a temary diagram including aIl mixture ratios that were intended to be 
manufactured and characterised. The blue circle points were intended to be produced for 
aIl solids contents (0.5, l, 1.5 and 2 wt%) and the red triangular points were additionally 
realised at 1.5 wt%. Please note that finally not aIl mixture ratios were characterised 
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Figure 9.12: Ternary mixture diagram including investigated mixture 
ratios at ail solids contents (blue circles) and addition al 
ratios at 1.5 wt% (red triangles). 
9.10.2.2 Introduction to ternary diagrams 
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In this work, we use temary diagrams to present the rheological data in dependence of the 
suspension composition (Figure 9.13). The suspension can be composed of one, two or aIl 
three materials (pulp, MFC and H-MFC), whereas all components sum up to 100 % based 
on the solids content (that is 0.5, l , 1.5 and 2 wt%). Each material share is displayed on 
one of the triangle 's sides with an increasing share in counter-clockwise direction. The 
specifie share of one component can be read out by following a parallei !ine of this 
component's 0 wt% line (indicated with the arrows in Figure 9.13, left image). A more 
general and simplified interpretation of the diagram is presented in the right image of 
Figure 9.13. The share of a component increases towards its 100 wt% vertex when moving 
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Figure 9.13: Visual guide for reading out the composition from a 
ternary mixture diagram (left) and a visual guide for a 
simplified, general read out of the composition trends 
(right). 
The values of the investigated rheological properties are displayed in the ternary diagram 
by using contour colourmaps. Example diagrams containing generic data are shown in 
Figure 9.14. In this work, a rainbow spectrum colourmap is used to visualise the values of 
a property, ranging from purple for low values to red for high values. Su ch colourmaps 
allow a relatively fast read-out of general trends. For example, the left image of Figure 
9.14 indicates that the property is solely depending on the pulp share and that it is 
decreasing with an increasingpulp share. The right image of Figure 9.14 on the other hand 
shows, that the property is depending on ail three components whereas pulp leads to low, 
MFC to intermediate and H-MFC to high values. 
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Figure 9.14: Example of colourmap contour ternary diagrams. The 
colour scale goes from low values (purple) to high values 
(red) following a rainbow spectrum. The left image shows 
a situation where the property is depending only on the 
pulp share, leading to low values. The right image shows 
a situation where a property is depending on aIl three 
components, where pulp leads to low, MFC to 
intermediate and H-MFC to highest values. 




In the main article, the data of one property shares the same scale for aH different solids 
contents, for better visualisation and more compact presentation. In this section, the same 
data are presented in a more detailed form, i.e. each diagram of a specific solids content 
within one rheological property has its own scale. Each of the following figures (Figure 
9.15 to Figure 9.22) contains the data of one rheological property described in the main 
article, divided into the four solids contents (0.5 wt% top left, 1 wt% top right, 1.5 wt% 
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Figure 9.15: G' max data with individual scale bars for the single 
dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 wt% 
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Figure 9.16: TY,8 data with individual scale bars for the single dilutions, 
0.5 wt% (top left), 1 wt% (top right), 1.5 wt% (bottom 
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Figure 9.17: LoL data with individual scale bars for the single 
dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 wt% 
(bottom left) and 2 wt% (bottom right). The scales are 
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Figure 9.18: '10.02 data with individualscale bars for the single 
dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 wt% 
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Figure 9.19: Position of the local minimum data with individual scale 
bars for the single dilutions, 0.5 wt% (top left), 1 wt% 
(top right), 1.5 wt% (bottom left) and 2 wt% (bottom 
right). The scales are logarithmic and the values 
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Figure 9.20: HRS+ data with individual scale bars for the single 
dilutions, 1 wt% (top left), 1.5 wt% (top right) and 2 wt% 
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Figure 9.21: 17100 data with individu al scale bars for the single 
dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 wt% 
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Figure 9.22: Hl data with individual scale bars for the single dilutions, 
0.5 wt% (top left), 1 wt% (top right), 1.5 wt% (bottom 
left) and 2 wt% (bottom right). The scales are linear. 
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Figure 9.23: Loss modulus data with individual scale bars for the 
single dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 
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Figure 9.24: Phase angle data with individual scale bars for the single 
dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 wt% 
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Figure 9.25: Kt data with individual scale bars for the single dilutions, 
0.5 wt% (top left), 1 wt% (top right), 1.5 wt% (bottom 
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Figure 9.26: nt data with individual scale bars for the single dilutions, 
0.5 wt% (top left), 1 wt% (top right), 1.5 wt% (bottom 
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Figure 9.27: End of zone 1 data with individual scale bars for the 
single dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 
wt% (bottom left) and 2 wt% (bottom right). The scales 
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Figure 9.28: Start of zone 2 data with individual scale bars for the 
single dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 
wt% (bottom left) and 2 wt% (bottom right). The scales 
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Figure 9.29: Relative transition zone depth data with individual scale 
bars for the single dilutions, 0.5 wt% (top left), 1 wt% 
(top right), 1.5 wt% (bottom left) and 2 wt% (bottom 
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Figure 9.30: Negative hysteresis data with individual scale bars for the 
single dilutions, 0.5 wt% (top left), 1 wt% (top right), 1.5 
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Figure 9.31: K2 data with individual scale bars for the single dilutions, 
0.5 wt% (top left), 1 wt% (top right), 1.5 wt% (bottom 











Chapter 10 - Conclusions 
The conclusions of this work can be grouped in two categories. The first category contains 
findings related to the selection of measurement system and protocol that are suitable for 
the rheological characterisation of MNFC suspensions, using a shear rheometer. It also 
includes the topics about the parametrisation and quantification of the so-obtained data. 
The second category is about the influence of the DoF and residual fibres on the 
rheological behaviour ofMNFC suspensions. The following sections provide a discussion 
of both categories and go on to provide general conclusions. Detailed conclusions can be 
found in the respective chapters containing the publications. 
10.1 Rheometer system and measurement protocol 
The rheological behaviour of MNFC suspensions is very complex and obtaining 
reproducible, absolute results is challenging. This is manifest, for instance, when 
obtaining different values for a rheological property by using a different rheometer type, 
measurement geometry or a different measurement protocol. The general reason for such 
effects is that the MNFC suspension behaves differently compared to the assumptions 
made for interpreting the rheometer's raw data. Two prominent examples of such 
behaviour of MNFC suspensions are phase separation, leading for instance to the 
formation of a water (-ri ch) layer close to the measurement geometry surface and shear 
banding (a discontinuous shear rate profile). Such effects can lead to measurement 
artefacts, misinterpretation and non-reproducible data. A behaviour like this is a nuisance 
for experimentalists, and a significant amount of effort is put into avoiding such effects. 
However, it should also be borne in mind, that these effects are inherent parts of the 
reaction of the MNFC suspension to a deformation. So, in practice these effects may have 
an important influence on the overall macroscopic behaviour, and an isolated rheological 
treatment may not be constructive in predicting or modelling it. Then again, for 
understanding the suspension particulate morphology, it is necessary to at least understand 
these effects, or better to characterise and quantify them. 
In the present work, one has not set out to characterise and quantify all the non-linear 
effects occurring in MNFC suspensions under flow conditions. However, instead, the 
phenomenological behaviour of MNFC suspensions under varying conditions has been 
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investigated and related to prevailing mechanistic models. Specifically, MNFC 
suspensions as used in this work are understood as stable, homogeneous networks of fibres 
and fibrils at rest, that can undergo dynamic reorganisation under flow. The reorganisation 
can lead to aggregation at intermediate shear rates and de-aggregation and probably 
orientation at increased shear rates. The macroscopic behaviour can be described as a gel 
at rest, having a yield stress after which it starts to flow. The flow is characterised by a 
generally shear thinning behaviour, following a power law. This behaviour is 
discontinuous, however, because of the aggregation of the fibrils at intermediate shear 
rates leading to a so-called transition region, typically characterised by a viscosity drop. 
The characteristic flow curve of MNFC suspensions (and the discussion has to be limited 
to MNFC to the definition used in this work) is not described consistently in the literature. 
Also, this work has shown that the transition region may not be very apparent for sorne 
combinations of measurement systems and suspension parameters. In the course of 
optimising the measurement protocol, a simple way has been found to identify the 
transition region more easily. For this, only the typically used fixed acquisition time 
setting in a flow curve measurement protocol has to be changed to allow the system to 
reach an equilibrium state, i.e. acquire the viscosity after it reaches a stable reading. 
Parallel to recording the viscosity at a given shear rate, also the acquisition time has to be 
recorded and evaluated. It was found that the time to reach a stable viscosity is typically 
low and reproducible when the shear rate is in the regular shear thinning regimes, but 
increases and fluctuates among repetitive measurements when being in the transition zone. 
The investigation of different cylinder-in-cup based measurement systems has, in 
princip le, confirmed general findings , i.e. that smooth surfaces are prone to measurement 
artefacts (likely solids depletion near the measurement surfaces), roughening of the 
instrument geometry wall may not be an appropriate countermeasure when the roughness 
is not large enough, and that vane geometries are less prone to such effects. However, it 
has also been shown that at low deformations, below the yield point of the suspension, the 
characterisation is measurement system inde pendent. Furthermore, we have shown that, 
generally, the trends of viscoelastic and flow curve properties as a function of the 
suspension solids content can also be reproduced by the different measurement systems, 
despite the differences in the absolute values. 
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ln conclusion it can be stated that: 
• the use of an automated acquisition time setting to get the respective times at a 
given shear rate for the viscosity to reach a stable reading is a valuable addition to 
a flow curve protocol to identify the transition region occurring within an MNFC 
suspension under shear; 
• a vane in (serrated) cup system seems the least prone for solids depletion effects 
near the measurement surface; 
• general trends obtained by other, different cylinder in cup systems may still be 
compared to each other. 
10.2 Quantification of rheological data of MNFC suspensions 
Despite the unusual shape of the flow curve of MNFC suspensions, its features typically 
are not determined quantitatively, except probably a low and high shear (rate) viscosity or 
sometimes the power law parameters of the shear thinning zones (yet typically without 
specifying the zone). As a part ofthis work, several additional descriptors to the on es that 
are generally used already have, therefore, been proposed. The intention behind these 
descriptors is to describe additionally the different regions of the flow curve, and so to 
quantify them, su ch that relative comparisons become possible. 
When perforrning a shear rate loop, i.e. first increase the shear rate and then decrease it 
(or vice versa), hysteresis between the two flow curves can often be observed. The 
presence of the hysteresis is sometimes described in the literature, but to current best 
knowledge, no one attempted to quantify it for MNFC suspensions. It is apparent from 
rheo-optical investigations, that the difference in viscosity at equal shear rates following 
different shear rate histories is caused by different suspension particulate morphologies. 
So, the hysteresis clearly contains information on the ability of the system to have different 
structures depending on the shear situation. In a separate work we presented the evaluation 
of di fferent , empirical approaches to calculate quantitative hysteresis descriptors. 
To get confidence also in the data and the chosen experimental approach, selected data 
sets were statistically tested and evaluated. It was found that using average data of 
250 
triplicate measurements typically results in moderate standard deviations, yet apparent 
trends typically are significant (at a confidence level of 5 %). 
Concluding, it can be said that the introduced descriptors and quantification methods have 
proven very useful and that they are essential to be able to investigate systematically the 
rheology determining factors of MNFC suspensions, as will be shown in the next section. 
10.3 Influence of DoF on the rheological properties of MNFC suspensions 
To investigate the influence of the DoF of an MNFC suspension on its rheological 
properties, not only the rheological data should be quantified, but ideally also the DoF 
itself. Different strategies can be found in the literature, however, only few of them are 
able to provide numbers of actual fibre and fibril dimensions, specifically length and 
width. Image analysis of micrographs was selected in this work, yet knowing the typical 
challenges and pitfalls, special care was taken in critically reviewing the applied method 
and potential results . The sample preparation Sù:p was identified to be the most 
challenging part of the investigation. A good dispersion of the fibrils is key for a reliable 
image analysis . However, it seems that unmodified MNFC tends to aggregate at high 
dilutions, and so typically rather inhomogeneous distributions were obtained on the 
sample holders. At first sight, one attempt appeared successful though. However, 
comparing the so obtained fibril width distributions with SEM images of freeze dried 
aerogels of the same materials revealed that fibrils and fibres being wider th an a certain 
size were not found in the image analysis at ail. Instead, indirect evidence of the different 
DoFs was obtained by visual assessment of optical and electron rnicroscopy images and 
specific surface area data of the aerogels. The discrepancy may still have been a result of 
a non-ideal sample preparation procedure, yet it also clearly highlighted an inherent 
problem of this approach for characterising rather highly polydisperse materials using 
rather localised imaging techniques. 
An extensive experimental work was carried out, investigating up to ternary mixtures of 
three materials having different DoFs, and at four different solids contents. The data were 
presented in ternary mixture diagrams, whereas the property values were visualised by 
coloured contour surfaces. This way of presenting data allows for an easy identification 
of qualitative trends with respect to the sample composition, i.e. the DoF. 
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Several properties and trends were in good agreement with data presented in the literature. 
Yet, because the present work systematically investigated the influence of the DoF, the 
conclusions that can be drawn from it appear to be more universal. For instance, this 
universality is apparent for properties where non-monotonie trends with the DoF were 
found. Because our mixture approach also allowed to have compositions of very broad 
size distributions, for example by combining a highly fibrillated MFC and unfibrillated 
pulp fibres , trends were obtained that were not reported so far, or have led to inconsistent 
conclusions within the scientific literature. 
The typically reasoned mechanism behind the change of properties of particulate materials 
with decreasing particle size is that the number of particles per volume (or weight) 
increases. This, in itself, may have implications for the material ' s behaviour, but also the 
inherent change of, for example, total surface area, or surface area to volume ratio. Our 
data suggest, that several of the investigated properties also follow this trend, like the 
suspension's yield stress or high shear viscosity. However, we also have found trends, 
where the mechanisms may also be govemed by the stiffness of the fibres and fibrils, 
which is directly related to the degree of fibrillation for high aspect ratio particles like 
fibres. 
Besides the technical findings , this work has also shown that a quantification of the 
rheological data, in combination with adequate data presentation, can le ad to very 
straightforward identification of qualitative trends. This, then, may serve as a starting 




Several general extensions of this work may be envisaged. On the one hand, optical or 
other structural information revealing measurement techniques could be added to the 
current measurement set-up and -protocols. Like this, one would be able to gain 
information directly on the suspension particulate morphology. This would allow to test 
the hypotheses that resulted from this work, and help generally to qualify the here 
proposed systems and protocols. On the other hand, other aspects of MNFC suspensions 
could be investigated, using the same approach. For instance, a systematic investigation 
of the influence of added charge, for example by adding cellulose derivatives or added 
pigment partic1es, could be carried out. As mentioned earlier, such investigations were 
planned already in the very beginning of this work, as can be seen in Figure 10.1, which 
is an early mind map about the potential topic of this work. Having an extensive dataset, 
as presented in this work, also would allow smaller trial matrices to be carried out, e.g. 
using DoE approaches in order to save effort and time for future studies based on the setup 
presented here. 
Like also sketched in Figure 10.1, the findings of this work and the respective know-how 
is intended to serve as a basis to enable or improve (industrial) applications of MNFCs in 
different fields. Sorne of the se were already applied in the meantime in sorne projects 
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